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Microstructure changes in uranium and uranium/metal alloys due to radiation damage are of great 
interest  in  nuclear  science  and  engineering.  Titanium  has  attracted  attention  because  of  its 
similarity to Zr. It has been proposed for use in the second generation of fusion reactors due to its 
resistance to radiation-induced swelling.  
 
Aluminum can be regarded as a standard absorbing material or backing material for irradiation 
targets.  Initial  study of  thin  aluminum  films  irradiation  by 
252Cf  fission  fragments  and  alpha 
particles from source has been conducted in the Radiation Center, Oregon State University. Initial 
study  of  thin aluminum  films  irradiation  by 
252Cf  fission  fragments  and  alpha particles  from 
source has been conducted in the Radiation Center, Oregon State University. Aluminum can be 
regarded as a standard absorbing material or backing material for irradiation targets. The AFM 
investigation  of  microstructure  damages  of  thin  aluminum  surfaces  revealed  that  the  voids, 
dislocation loops and dislocation lines, formed in the thin aluminum films after bombardment by 
252Cf fission fragments and alpha particles, depends on the irradiation dose.  The void swelling 
and diameter and depth of voids increase linearly with the fluence of particles and dose; however, 
the areal density of voids decreased when formation of dislocation loops began.  
 
Study  of  deposition  of  uranium  on  titanium  backing  material  by  molecular  plating  and 
characterization  of  produced  U/Ti  film  has  been  performed.  The  U/Ti  film  has  smooth  and uniform surfaces but the composition of the deposits is complex and does not include water 
molecules which probably involve the presence of U (VI). A possible structure for the deposits 
has been suggested. X-ray diffraction pattern of U/Ti films showed that The U/Ti film has an 
amorphous structure.  
 
Uranium films (0.500 mg/cm
2) and stack of titanium foils (thickness 0.904 mg/cm
2) were used to 
study the microstructural damage of the uranium film and its backing material. Irradiation of U/Ti 
film and Ti foils with 1 MeV/u (136 MeV) 
136Xe
+26 ions in was performed in the Positive Ion 
Injector  (PII)  unit  at  the  Argonne  Tandem  Linear  Accelerator  System  (ATLAS)  Facility  at 
Argonne National Laboratory, IL.  
 
Pre-  and  post-  irradiation  of  samples  was  analyzed  by  X-ray  diffraction,  Scanning  Electron 
Microscopy/Energy Dispersive Spectroscopy (SEM/EDS) and Atomic Force Microscopy (AFM). 
The  irradiation  of  U/Ti  films  results  in  the  formation  of  a  crystalline  U4O9  phase  and 
polycrystalline Ti phase. Annealing of the thin uranium deposit on a titanium backing at 800
oC in 
the air atmosphere condition for an hour produced a mixture of UO3, U3O8, Ti, TiO and TiO2 
(rutile) phases; meanwhile, annealing at 800
oC for an hour in the argon environment produced a 
mixture of β-U3O7, Ti and TiO2 (rutile) phases.  These phenomena indicate that the damage 
during irradiation was not due to foil heating.  Microstructural damage of irradiated uranium film 
was dominated by void and bubble formation. 
 
The microstructure of irradiated titanium foils is characterized by hillocks, voids, polygonal ridge 
networks, dislocation lines and dislocation networks. Theory predicts that titanium undergoes an 
allotropic phase transformation at 882.5 °C, changing from a closed-packed hexagonal crystal 
structure (α-phase) into a body-centered cubic crystal structure (β- phase). When the titanium 
foils were irradiated with 136MeV 
136Xe
+26 at beam intensity of 3 pnA corresponding to 966
oC, it 
was expected that its structure can change from hexagonal-close packed (hcp) to body-centered 
cubic (bcc). However, in contrast to the theory, transformation from α-Ti (hcp) phase to fcc-Ti 
phase was observed. This phenomenon indicates that during irradiation with high energy and 
elevated temperature, the fcc-Ti phase more stable than the hcp-Ti Phase. 
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CHAPTER I - INTRODUCTION 
 
Radiation  damage  to  the  structural  materials  used  in  advanced  nuclear  energy  systems  is  an 
important  problem.  Radiation  can  change  a  crystal  structure  and  mechanical  properties  of 
material, electronic and physical properties, and thermal and diffusion-controlled rate process 
properties resulting in a great impact on nuclear (power) reactor design, operation, performance, 
and  safety.  The  intensity  of  radiation  effects  on  these  properties  depends  principally  on  the 
radiation flux, particle energy or energy spectrum, irradiation time, and irradiation temperature. 
[Ishino, 1997] 
 
Efforts to develop and qualify low enrichment fuels have been conducted extensively by Reduced 
Enrichment Research and Test Reactor (RERTR),  International collaboration since  the 1970s 
[Berghe  et  al.,  2007].  The  recent  implementation  of  irradiation  results,  fuel  fabrication  and 
performance modeling has been reported by Meyer and Snelgrove (2005) and Wachs (2007). 
They report that several failures have recently occurred in U-Mo/Al dispersion fuel related to 
formation of a U-Mo/Al reaction. The developmental fuel testing phase of the program began 
with the RERTR-1 test in 1997 and ended with PIE of the AFIP-4 full size plate test in 2009. 
RERTR fuel fabrication laboratories at ANL and INL will be upgraded as required including 
equipment for friction stir welding, fuel plate cleaning, and a clean test assembly and inspection 
area. In conjunction with irradiation testing, fabrication processes must be developed and made 
available  to  commercial  fabricators.  The  commercial  fabrication  infrastructure  must  also  be 
upgraded to ensure a reliable LEU fuel supply. The overall RERTR fuel development program 
thus currently results in qualification of fuels suitable for conversion of 19 targeted research 
reactors that consume almost 600 kg of HEU/year [Briggs and Friske, 1962]. 
 
The radiation damage studies in the RERTR program showed that the advanced materials failures 
were due to intermetallic formation. Therefore, investigation on radiation damage in the nano- 
and  micro-  scale  are  still  needed  to  provide  new  essential  insight  into  the  microstructural 
evolution for further research whether with new alloys or cermets rather than pure metals.    2     
 
In order to understand how to decrease the swelling of U metallic fuel caused by irradiation in the 
RERTR program, it is necessary to study additional elements formed in the U metallic fuel such 
as  fine  segregations  of  intermetallic  compounds  formed  in  heat  treatment  like  molybdenum, 
aluminum, silicon, titanium and tin. For instance, molybdenum is an effective stabilizer of the γ-
phase  of  uranium  [Vatulin  et  al.,  2004]  and  Ti  can  also  be  considered  as  one  of  potential 
candidates  to  stabilize  the  interaction  layer  (IL)  of  U-Mo/Al  system  [Park  et  al.,  2007].  In 
addition, aluminum can be regarded as a standard absorbing material and backing material for 
irradiation targets. Titanium has high melting point and good corrosion resistance, while having 
also a linear thermal expansion value that is very close to the thermal expansion of uranium. 
Therefore, microstructure damage characterization of irradiated uranium, aluminum and titanium 
as well as their phase stabilities is needed to provide a foundation for understanding the laying 
chemistry of actinide-bearing materials. 
 
Microstructure changes in uranium and uranium/metal alloys due to radiation damage are great 
interest  in  nuclear  science  and  engineering.  Titanium  has  attracted  attention  because  of  its 
similarity to Zr. It has been proposed for use in the second generation of fusion reactors due to its 
resistance  to  radiation-induced  swelling  [Griffiths  et  al.,  1983].  The  consequent  macroscopic 
behavior upon irradiation of their materials depends on radiation-induced crystal defects such as 
point  defects,  void,  blister,  dislocation  loops  and  dislocation  lines  and  networks.  Numerous 
studies of the microstructure, morphology, and mechanical properties of Ti surfaces irradiated by 
neutron, electron and swift heavy ions have been performed by several authors [Griffiths et al., 
1983; Brimhall et al., 1971; Griffiths, 1993; Woo et al., 1982; Budzynski et al., 2009; Sadi et al., 
2011b]. Although the chemical changes in UO2 upon irradiation with swift heavy ions has been 
studied by numerous workers since the beginning of nuclear industry era [Hoekstra et al., 1970; 
Gorrido et al., 1997; Matzke et al., 1974; Wiss et al., 1997], very little information concerning 
the details of the phase instability of irradiated thin uranium film have been published. In this 
experiment we used the thin uranium films prepared by molecular plating [Sadi et al., 2011a]; 
these films, as done in this work, are known to have complex structures and may be amorphous 
[Santos et al., 2004].    
 
   3     
 
Studies of the stability of metals, alloys and ceramics after heavy ion bombardments have been 
performed to discover the structural lattice changes upon radiation exposure [Naguib and Kelly, 
1970; Pavlov et al., 1975; Brimhall 1985]. The phase stability of materials containing uranium as 
nuclear fuels or advanced materials depends on U/O ratio and temperature parameter.  
 
The research goal is to investigate the surface morphology of irradiated materials, their phase and 
thermal  stability,  as  well  as  their  chemical  compositions  that  are  a  function  of  properties  of 
selected materials, radiation doses and energies. The studied materials were thin uranium film, 
aluminum  and  titanium  foils.  Non-destructive  methods,  x-ray  diffraction  and  RAMAN 
Spectroscopy, for quantitative phase analyses have been developed to determine the structure of 
the irradiated and non-irradiated U films. The crystallinity of the samples was calculated as the 
sum of the crystalline fractions present in the uranium films, with the balance being considered 
amorphous. 
 
The  specific  research  objectives  of  this  work  are  to  investigate  the  morphology  of  damage 
structures in nano- and micro-scales, and to characterize the irradiated and non-irradiated uranium 
films with regard to  their backing materials (aluminum and titanium), and radiation mechanism 
and phase transformation as a function of dose of incidence (fluence and energy) particles. 
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CHAPTER II – BACKGROUND 
 
2.0.   Characterization, Analysis and Modeling of Radiation Damage 
 
2.0.1 Ion Interactions with a Solid Sample 
 
This section provides a brief review of the fundamental ion beam-solid interactions. The 
ion slows down as it passes through the material so that the energy loss rate changes as the 
particle passes through the foil. When an energetic ion penetrates a solid, it transfers its kinetic 
energy  via  two  processes:  (i)  electronic  excitation  and  ionization  (inelastic),  and  (ii)  elastic 
nuclear collisions with target atoms. Swift heavy ions lose energy  in materials dominated by 
inelastic collisions with the atomic electrons. Along the trajectory of the ion, a trail of defects 
known  as  latent  track  may  be  formed  during  irradiation  depending  on  the  type  of  the  ions, 
energies, and doses as well as the material properties.  
 
Inelastic collisions are assumed that the electrons form a viscous background that extract 
energy from the fast-moving ions and slow them down producing a linier track of damage in 
various  materials.  Nuclear  collisions,  however,  can  lead  to  displacement  damage,  whereby  a 
knocked-on atom recoils away from its initial lattice site. The recoil atoms received much high 
energy can undergo a series of secondary recoils with target atoms displacing them as well and 
many of these secondary recoil atoms can create additional displacements in tertiary recoils, and 
so on resulting a displacement cascade  [Averback and Bellon, 2010]. 
 
As  a  significant  consequence,  combination  of  both  tracks  and  displacement  cascade 
created microstructural damage such as hillocks, voids, dislocation loops, dislocation lines and 
dislocation network as well as bubbles and blisters. Theory and description of stopping power in 
the details can be found in the Nuclear Chemistry books by Loveland et al., (1986) and Nastasi et 
al. (1996, 2006). In addition, basic of radiation damage theory can be found in the Fundamental 
of Radiation Materials Science by Was (2007). 
  
Figure 2.1 displays is a simplified scheme of the interaction between ions (green solid 
circles) and solid (substrate atoms) as well as the ejection of atoms which cause the micro damage   5     
 
in materials. In this case, the penetration depths of 136 MeV 
136Xe
+26 in the uranium film and 
titanium foil are of 3.3 μm and 10.6 μm, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1. A simplified schematic showing the interaction between ions and solid 
 
2.0.2 Interstitial and Vacancy Formation 
 
  Ion irradiation introduces property changes by disrupting the existing atomic order of the 
solid surface. This can be expected since heavy ions near the end of their range can lose keV per 
angstrom. Highly energetic particles can eject an atom from its normal lattice position, which 
means that the atoms of the solid are displaced; if many atoms are displaced they in turn may 
displace further atoms. The ejected atom, called primary knock-on atoms (PKA), may then create 
a  cascade  of  atomic  displacements  before  coming  to  a  rest.  This  leads  to  a  distribution  of 
vacancies, interstitial atoms, and other types of lattice disorder in the region around the ion track 
[Nastasi et al., 1996]. The displaced atom may collide with and  replace another atom in the 
material. As shown in Figure 2.2, the displaced atom becomes an interstitial, and the position 
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which the atom formerly occupied becomes a vacancy. Together the interstitial and vacancy are 
referred to as a Frenkel pair.  
 
Figure 2.2. Displacement damage in a crystal lattice. 
 
Specifically,  one  of  the  most  important  physical  parameters  for  describing  radiation 
damage in any material is the threshold displacement energy ( TDE), the minimum amount of 
transferred kinetic energy to a lattice atom that results in the formation of a stable Frenkel pair 
[Zinkle and Kinoshita, 1997]. Numerous studies on the threshold displacement energies in metals 
have been performed over the past 50 years [Kinchin and Pease, 1955]. Zinkle and Kinoshita 
(1997) summarized the results of 36 years of TDE studies and found that the TDE of ceramics 
and metal oxides were ranged from 20 to 55eV and additional experiments for some materials are 
still  needed  to  verify  the  data  from  previously  recommended  values.  Recently,  the  threshold 
displacement energy (TDE) of uranium dioxide was calculated by ionic potentials [Meis and 
Chartier, 2005]. 
 
The displacement of atoms from their regular position in the crystal lattice is the basic 
mechanism of metal damage by radiation.  This displacement leads to the formation of identical 
numbers  of  vacancies  and  interstitials  moving  through  the  crystal  lattice  and  changes  the 
microstructure and its stability. The typical defects of damaged surfaces are point defects (dots), 
point clusters, conical hillocks, islands, craters, heights and valleys, blisters, dislocation lines, 
dislocation loops, and voids.  The morphologic study of surface damage can be further explored 
by using modern spectroscopy and microscopy techniques on backing nuclear materials and their 
alloys.  
Interstitial   7     
 
2.0.3 Sputtering and Intermixing 
 
Interactions  resulting  from  ion/solid bombardment  create  sputtering  (neutral  atoms  or 
secondary  ions),  back-sputtered  ions,  implanted  ions,  lattice  defects  (vacancies,  interstitials, 
dislocations), secondary electrons and X-rays. The objective of this part is to review the available 
information on several key fundamental parameters that describe defect production and sputtering 
in irradiated materials. 
Sputtering  is  the  removal  of  atoms  from  a  solid  surface  due  to  bombardment  with 
particles. It can be considered as a statistical phenomenon caused by surface erosion on an atomic 
scale. The more collisions that take place proximal to the surface the higher the sputtering yield. 
Material sputtering was first observed by W.R. Grove in 1853; Grove described the erosion of 
cathodes in gas discharge tubes during ion bombardment from plasma discharges. Since then the 
removal of material from surfaces through particle bombardment has been extensively studied 
[Danagoulian et al., 2008]. 
Chemical changes induced by swift heavy ion irradiation of the uranium film sample 
(containing also impurities such as C and O atoms as well as micro elements) that are  presented 
in Figure 2.3. Figure 2.3 represents a schematic illustration of sputtering of the oxygen and other 
elements during heavy ion irradiation. 
 
Sputtering is quantified by the sputtering yield, Y, which is the mean number of atoms 
removed per incident particle:    
 
                     Y = number of sputtered atoms/number of incident particle             (2.1)   
  
The sputtering of solids caused by bombardment with heavy ions, those having a specific 
energy  around  or  above  of  1MeV  per  nucleon  (MeV/u),  is  generally  larger  than  would  be 
expected from purely collisional processes. Indeed sputtering is sometimes entirely governed by 
the electronic energy loss mechanism, also known as electronic sputtering [Assmann et al., 2007].  
For instance, Danagoulian and co-workers (2008) studied bombardment of Pu foil by fission 
fragments from 
252Cf source. They found that the sputtering yield was about 63 Pu atoms/fission 
fragments. 
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Figure 2.3. Schematic illustration of the oxygen outflow mechanism during heavy ion 
 
 
  
The sputtering yield implies that the number of atoms removed is proportional to the 
number  of  incident  particles  as  long  as  all  other  factors  remain  constant.  Sputtering yield  is 
strongly dependent on the kinetic energy of the bombarding ion; it  is also a function of ion 
incidence  angle,  ion  mass,  and  target  material  properties.  Behrisch  and  Eckstein  (2007) 
extensively reviewed the physics of sputtering by particle bombardments. Although the sputtering 
process  has  been  used  for  many  applications  and  is  an  indispensable  process  in  modern 
technology and physics (Behrisch and Eckstein 2007), sputtering in radiation experiments is an 
undesired effect since it destroys the thin surface of films which make it difficult to perform 
surface imaging analysis using certain probe microscopies.  
Ion beam induced intermixing can take place between the uranium film and the substrate 
(backing materials) across the interface. The mixing process may involve complicated beam-
induced diffusional processes [Williams and Poate, 1984]. 
 
2.1. Defect Production Mechanisms and the Development of Surface Topography (Review) 
 
2.1.1. Irradiation by alpha particles  
 
  Interest  in  alpha  irradiation  was  initiated  by  observing  defects  in  nuclear  research 
materials caused by helium production from neutron capture reactions (n,α). Helium bubbles are 
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usually studied by implantation of helium ions using high doses, so that a high density of small 
bubbles is created [Veen, 1991]. Previous studies of alpha particle irradiation of stainless steel 
were stimulated by the search for fusion reactor inner-wall materials. Due to the insolubility of 
helium  in  metals  its  introduction  leads  to  the  nucleation  of  bubbles  in  the  lattice  vacancies, 
dislocations, and grain boundaries of the metal. As the helium concentration increases, bubble 
clusters result in the production of cavities under the near surface of metal. This results in a 
surface morphology change of the metal characterized by the appearance of blisters and flakes. 
As the concentrations of helium within the metal continue to increase, crack formation may occur 
between these structures; cracks can eventually extend from the bulk to the surface the metal. 
This leads to degradation of the metal’s mechanical properties, such as embrittlement, even at 
room temperature [Shipp et al., 1999].   
 
The experimental transmission electron microscopy (TEM) data on the production of 
defects  in  metals  by  low  energy ion bombardment  to  low  doses  has  been  reviewed  by Kirk 
(1995). Transmission of electrons through thin foils, particularly aluminum foils, has been the 
subject of many hundreds of paper [Garber et al., 1971]. Microstructures of the noble gasses 
implanted  in  Al  films  and  the  evolution  of  helium  bubbles  in  aluminum  during  heavy-ion 
irradiation have been studied using transmission electron microscopy (TEM) by some authors 
[Mazey et al., 1973; Alexander and Birthcher, 1992; Birtcher et al., 1994]. Radiation damage of 
materials by alpha particles is summarized in the appendix I (Table 2.1a).   
 
The presence of gas bubbles in the metal detrimentally affects the mechanical properties 
of materials. Study of helium bubble motion has been performed by Ono and coworkers (1992). 
Diffusivity of helium in pure aluminum was obtained at 818 K. The diffusivity of helium for 
various bubble diameters was estimated to be about 5x10
-15 to 5x10
-17 with bubble gas helium 
diameter of 2 to 7 nm.  Irradiation by He ion at 17 keV and 573K with fluence of 4x10
5 cm
-2 
yields the areal bubble density of 3x10
11 bubbles/cm
2 with diameter 40-80 nm. Kamigaki et al. 
(1992)  used  videotape  and  electron  micrographs  to  study  microstructural  damage  in  pure Al 
during He
+ irradiation. Irradiation was performed at 10 keV at temperatures of 17, 110, 300 and 
473K with the fluencies of 3x10
14, 3x10
15, 5.4x10
16   cm
-2. More I-loops were created at lower 
temperatures (17 and 110K) and they became larger with increasing temperature up to 300K. 
However, when a specimen was irradiated at 473K, no loops caused by bubble formation were   10     
 
observed.  The bubble number-density after irradiation with 3x10
14 and 5.4x10
16 cm
-2 at 473K and 
annealed at 773K was 7x10
11 cm
-2 and 3x10
12 cm
-2 respectively; the average diameters of helium 
bubbles were 6 and 4 nm respectively.  Notice that the number density of bubbles decreases with 
increasing annealing temperatures.  Irradiation with 4x10
21 He/cm
2 with energy of 30 keV at 320K 
caused gas bubbles in the Cu foil (~200 μm) observed at various depths having an average bubble 
diameter of 1.5 to 2.8 μm [Johnson and Mazey, 1982].   
 
A  subsequent    SEM  study  reported    fracture  mode  behavior  observed  in  iron  for 
irradiation by alpha at -100 to -120
oC with incidence energy of 50 MeV [Hasegawa et al., 2002]. 
Typical ductile fractures and dimple patterns were observed. The hardness increased after room 
temperature irradiation. Douglass and Bronisz (1971) studied microstructure damage of ThO2 
foils caused by α-particle irradiation from a PuO2 source. The films were exposed to a source 
with energy of 5.5 MeV for 6 months reaching a radiation dose of 10
15 α-particles/cm
2. They 
observed point defect agglomerations, visible as small black spots. Subsequent heating to 1500
oC 
in the electron microscope caused the spots to grow into loops 50 to 200 Ǻ in diameter, however 
no  voids,  bubbles,  or  pores  were  observed.  These  defects  were  extremely  stable  at  room 
temperature as well as during extended heating (8 hours) to a maximum temperature of 900°C.  
 
Binyukova and coworkers (2005) studied the morphology of Fe (bcc) and Ni (fcc) alloys 
and structural steel by helium irradiation with 40-keV He
+ and dose of 5x10
16 cm
–2 at 20°C and 
subsequent annealing at 650°C for 1 h and 5 h. They found that under these conditions in bcc 
there are smaller bubbles with high density formed than the fcc materials. They showed that an 
annealing time of 5 hours forms higher porosity in all materials, except nickel, as opposed to  1 
hour annealing. The average size of bubbles in Ni annealed at 650°C for 1 h and 5 h were 7 and 
7.9 nm, respectively. Meanwhile, the volume densities were (4.9±1.2)x10
22 and (0.3±0.1) x 10
22 
m
-3 respectively. 
Gas accumulation results in blister formation and exfoliation, reducing the useful lifetime 
and performance of the controlled thermonuclear reactor (CTR) components [Bauer and Thomas, 
1974; Fried and Braun, 1982]; blistering has been the object of intense research since 1970s 
[Guseva  and  Martynenco,  1981].    Das  and  Kaminsky  (1974)  used  SEM  techniques  to  study 
radiation blistering in V, Nb and type 304 stainless steel. The parameters that govern the radiation 
blistering were the  type and energy of projectile, total dose, and target temperature.  Bisters that   11     
 
formed during helium-ion irradiation  (total dose of 1.0 C/cm
2 with 0.5 MeV at 700
oC) have 
larger size blisters with the average diameter of 5-8 μm, while  smaller size blisters have an 
average diameter of 0.5 μm (Note: sentence is unclear). The erosion rates for 100 and 500 keV 
helium ion irradiation yield values of S ≈ 1.0±0.4 and S ≈ 0.20±0.05 Nb atoms/incident He atom 
respectively.  Das  and  Kaminsky  (1974)  found  that  a  portion  of  ruptured  blisters  occurred  at 
higher energy. Increasing energy from 1.0 MeV to 1.5 MeV, the skin ruptured thicknesses of the 
blisters were 1.1 to 2.8μm respectively.  Meanwhile, for a dose of 0.1 C/cm
2 with 0.5 MeV at 
450
oC single blister was observed in the stainless steel to be ~700 μm in diameter.  
 
Post-blister structures, such as exfoliation or flaking in some metals e.g. V, Mo, Nb and 
stainless steel, have been studied intensively by some authors in 1970s. Beyond the critical doses 
of (2-4)x10
18 He/cm
2 with 300 keV at 400
oC large scale flaking was found in the vanadium, while 
at 1200
oC small pores were formed [Thomas & Bauer, 1974]. Exfoliation occurs at temperature 
between 0.2Tm and 0.4 Tm (Tm = melting point temperature, in K). The relation between blister 
diameter (d) and cap (t) was expressed as d t
ν where ν is a constant ranging from 0.85 to 1.5 and 
depends  on  the  mechanical  properties  of  the  target  materials  [Wolfer,  1980;  Guseva  and 
Martynenco, 1981]. 
 
Terreault (1980) reviewed the surface topography of Be, Al, V, stainless steel, inconel, 
Cu,  and  Nb  under  high  fluence  helium  irradiation.  He  concluded  that  blistering  or  flaking 
repetitiveness  is  correlated  with  the  relative  width  WR  =  FWHM/Rp.  (full  width  half 
maximum/projected range). When WR < 0.7 blistering or flaking is repetitive, and when WR > 1.0 
blistering disappears quickly. Otherwise blistering disappears slowly. Blisters do not form in Nb 
below ~1 keV. 
 
Braun and coworkers (1980) found that the critical helium dose for blistering at energies 
in the range 20-80 keV in stainless steel was (6-9)x10
17 He/cm
2. After irradiation with 75 keV and 
a dose of 7 x10
17 He/cm
2, an erupted bubble was observed by SEM having the cover thickness of 
0.31 μm. They also measured the skin thickness of flakes as a function of the helium implanted 
energy using SEM and RBS. 
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2.1.2. Irradiation by beta particles 
 
  Vajda  (1977)    reviewed  research  through  the  1960's  on  electron  radiation  damage  in 
metals  including  the  principles  of  interaction  of  energetic  electrons  with  atoms  which 
producesradiation damages in face-centered cubic (fcc) lattices (Cu, Ag, Au, β-Co, Ni, Pt and 
Au), in body-centered cubic (bcc) lattices (V, Cr, α-Fe, Mo and Ta), and hexagonal close-packed 
lattices (α-Co, Zn, Cd). The surface morphology of microdamage structures is not reported. An 
earlier review [Norris, 1972b] reported that there are no significant changes in swelling for Ni and 
Cu when they are annealed and doped with Ne and air respectively. A subsequent study on defect 
cluster formation from helium doped 316 stainless steel was conducted by Ohnuki at al. (1992); 
microstructural  development  during  irradiation  by  electrons  showed  that  dislocation  loops 
nucleated and developed into dislocation networks, and at the same time small voids (10-45 nm) 
also nucleated and grew with increasing dose.  
 
2.1.3. Irradiation by neutrons  
 
  Swelling  due  to  void  formation  is  the  major  concern  for  fuel  cladding  and  core 
component materials used in fast breeder reactors and other advanced materials (Shimada and 
Kamei,  1981).  Void  formation  caused  by  neutron  irradiation  in  some  metals  at  elevated 
temperature has been reviewed extensively by Norris (1972a, 1972b). He summarized neutron 
fluences ranging from 5x10
20-5x10
21 n/cm
2 at 200-900 K for Au, Zr, Ti, Ni, V, 316 and 304 steels, 
Al, Mo, Nb and Ta. Voids formed in metals when impurities, hydrogen, and helium take part in 
the process of vacancy clustering. Voids can be formed in aluminum by neutron irradiation in the 
presence of transmutation-produced impurities [Packan, 1971; Takamura et al., 1987]. 
 
  Formation of interstitial loops on transmutation products in aluminum has been studied 
by  Ono  and  coworkers  (1992).  Si  atoms  produced  by 
27Al(n,γ)
28Si  are  predominant  in  the 
specimen irradiated with neutrons. Previous investigations on aluminum irradiation by neutrons 
were conducted by Packan (1971). Packan (1971) studied the aluminum irradiation by neutrons 
and he found that at doses ranging from 10
19 to 10
23 n/cm
2 with E>0.1 MeV and 50
oC, there is a 
linear relationship between neutron fluence and void diameter. The mean size of the void is 16-50   13     
 
nm with a density of 1x10
12-6x10
14 voids/cm
3. It is apparent that for the same dose and energy 
void swelling in pure aluminum is larger than its alloys.   
   
  Voids  were  observed  by  Brimhall  and  coworkers  (1971)  as  the  principal  defect  in 
rhenium  irradiated  at  1040-1050
oC  (0.4Tm);  this  is  consistent  with  observations  on  all  other 
irradiated pure metals. However, voids were not observed in titanium; Brimhall believed this was 
due to very high solubility of gasses, particularly oxygen, in titanium.   
 
  Study  on  structural  defects  in  neutron  irradiated  silicon  detectors  using  AFM  was 
performed  by  Golan  and coworkers (2000). They found that various  typical defects,  such  as 
vacancies and dislocations, were observed at high fluences above 10
11 n/cm
2. Furthermore these 
dislocations increased the micro hardness values. Radiation damage of materials by neutron is 
summarized in the appendix I (Table 2.1d).   
 
2.1.4 Irradiation by energetic heavy ions 
 
  When high energy ions interact with matter during their passage through a material they 
lose their energy by excitation or inelastic collisions, known as electronic stopping; the spent 
energy in this process is called electronic energy loss. Electronic stopping is dominant in high 
energies where the displacement of atoms due to elastic collisions is insignificant [Avasthi, 2000; 
Toulemonde  et  al.,  2003]. The  basic  difference  of  materials  modification  by  low  energy  ion 
implantation (a few tens of keV to a few MeV) and swift heavy ion irradiation (typically a few 
tens of MeV and higher) is that the low energy ions get embedded in the material and cause 
modification by their presence; this is due to the collision cascade produced by the impinging 
ions. In swift heavy ion (SHI) irradiation the impinging ions do not get embedded in the film due 
to their large range (typically a few tens of mm or larger) caused by the electronic excitation. 
Thus, it is advisable to use thin film samples for SHI irradiation to gain a better understanding of 
the interaction between swift heavy ions and matter. In such a situation elastic collision effects 
causing collision cascades can be ignored and the effect of the embedded ion does not come into 
picture [Avasthi, 2000]. Radiation damage of materials by energetic heavy ions is summarized in 
the appendix I (Table 2.1b and Table 2.1c).   
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2.1.4.1. Low energy heavy ions 
 
  Earlier reviews of transmission electron microscopy studies of point defects in fcc and 
bcc metals have been given by Eyre (1973). He described the interstitial and vacancy type defects 
in fcc and bcc metals; the complex subject of irradiation damage was reviewed showing the basic 
damage processes governing defect production and the visible defect structure. Radiation damage 
on semiconductor and multicomponent samples such as oxides and glasses with focus on low-
energy (< 10keV) was reviewed by Smentkowski (2000). Irradiation with low energy heavy ions 
leads to various morphological evolutions of material surfaces as a result of a balance between 
roughening and smoothing processes.  
 
   Takahiro and coworkers (2007) investigated the allotropic effect on ripple formation on 
the three types of carbon materials: highly oriented pyrolytic graphite (HOPG), single crystalline 
diamond, and tetrahedral amorphous carbon (ta-C) films. These films were irradiated with 5-keV 
Xe
+ at room temperature with an incident angle of 30o and a fluence of 2 x 1017 cm-2 for all 
irradiations. They found that the ripples were not formed on diamond and ta-C surfaces; however, 
the ripples occurred on HOPG with a wavelength of ~100 nm. Ripples are clearly seen on the 
irradiated HOPG surface, and these ripples are aligned perpendicular to the ion-beam projection. 
The Xe
+-irradiation yields smoother surfaces of diamond and ta-C. The root mean square (RMS) 
roughness decreases in diamond from 0.36 to 0.16 nm and in ta-C from 0.20 to 0.14 nm.   
 
Irradiation effects of Cl
+ on Si wafers at energies 80 and100 keV with a dose of 10
15 - 
10
16 cm
-2 has been conducted by Zhang and coworkers (2007) by means of TEM. Three layers of 
different  microstructures  in  the  annealed  specimens  were  observed.  The  shallowest  is  a 
polycrystalline layer composed of fine grains orientation from the matrix, while the mediate layer 
is in single-crystalline state containing a high density of gas bubbles. A thin deeper layer, well 
separated from the medium layer, is composed of planner defects in low density. With increasing 
ion fluence the thickness of the porous polycrystalline layer increases indicating chlorine can 
suppress the epitaxial re-crystallization of implanted silicon and has the inclination to precipitate 
into gas bubbles when the implant fluence of Cl ions exceeds a certain level. 
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  Khalil and coworkers (2004) investigated the defects created in the wake of 200-MeV Au 
ions  in  the  InP  single  crystal  (thickness  0.5mm)  of  the  technologically  important  III-V 
semiconductor. They observed a typical ensemble of tracks with uniform intermittent structure. 
When the fluences were varied from 5x10
10 to 1x10
14 ions/cm
2 the structure developed from a 
relatively smooth one to one which is totally amorphous. On the other hand,   studying the lower 
energy ion implantation, Demanet et al. (1995) investigated the effects of ion density on Ar-
bombarded InP at the energy of 5 keV with the fluences from 4x10
13 to 6x10
18 ions/cm2. They 
found that above a dose of ~1x10
15 Ar
+/cm
2 there was a linear relationship between the root mean 
square (rms) roughness and the logarithm of ion doses. For large dose a density of ripples started 
to appear on the sputtered surface [Khalil et al., 2004].   
 
2.1.4.2. Swift heavy ions 
 
  There have been numerous attempts to investigate micro damage structure in titanium 
irradiated  with  swift  heavy  ions  and  different  particles.  The  motivating  interests  in  the 
investigation of this material its usage in fusion reactors and RERTR program material for surface 
investigation. Irradiation of titanium with 2.2 GeV U ions at 20K was studied by Dammak and 
coworkers (1999). Irradiation of Ti to a dose of 1.2x10
13 ions/cm
2 produced lattice disorder on the 
Ti surface which resulted in α → ω phase transformation leading to a volume change of crystal 
since the ω-Ti phase is denser than α-Ti phase.  
 
Budzynski  and  co-workers  (2009)  investigated  the  microstructure  surface  damage  of 
titanium foil (thickness 3 mm) irradiated by 240-MeV Kr ion at a fluence of 1.0x10
14 ions/cm
2 
and irradiated 130 MeV Xe ion at a fluence of 1.0x10
14 ions/cm
2 to 4.9x10
14 ions/cm
2. They 
found that the most characteristic surface features observed on the Ti surfaces irradiated by Kr are 
hillocks and craters. Grain size decreased by increasing the fluence of Kr ions and Xe ions; 
micromechanical properties such as microhardness, microstrain, and wear increased after Kr and 
Xe ions irradiations. 
 
Irradiation  of  Ti  films  (thickness  2  µm)  with  136  MeV  Xe
+26  produced  elliptical 
dislocation loops with an average short/long mean diameter ratio of 0.55 ± 0.01. With increasing 
the fluence the size of voids, depth, and void density, as well as void swelling, increased without   16     
 
significant change of the surface roughness values (Sadi et al., 2011b). Hillock formations were 
not observed, but X-ray diffraction analyses showed the lattice disorder.  
 
   There have been numerous attempts to investigate microdamage structure in uranium 
dioxide irradiated with swift heavy ions and different particles. Ion beam irradiation has been 
widely used to simulate the thermal neutron irradiation effects in some materials. Interest in the 
investigation of this material is motivated by its usage in nuclear reactors and suitable material for 
surface investigations [Biro et al., 1995; Havanscsak et al., 1997; Nagy et al., 2001]. Earlier 
investigation on the surface damage creation in UO2 caused by a single ion at the MeV ion energy 
has been conducted by Matzke and Wang (1996). They performed irradiation of UO2 with 0.5 
MeV  Xe  at  dose  of  5x10
15  ions/cm
2  using  high-resolution  transmission  electron  microcopy 
(TEM) and they observed the obvious pictures of edge dislocation in the irradiated UO2 (although 
non irradiated uranium dioxide had also an edge dislocation). The uranium dioxide crystal was 
divided into several sub-grains with different orientation which were believed to act as nuclei for 
polygonization.  
 
Hayashi and co-workers (1997) studied the radiation damage of UO2 with 100-300 MeV I 
ion and 100 MeV Ni ions at a dose range of 2x10
17 to 1.8x10
18 m
-2.  They observed lattice 
parameter changes due to nuclear energy deposition rather than electronic energy deposition. The 
depth  profiles,  dislocation  loops  and  clusters  on  UO2  and  (U,Gd)O2  with  100  MeV 
127I
7+ 
irradiation were observed at a fluence range of 1x10
14- 2x10
15 cm
-2 (Nogita et al., 1999). They 
observed three changes of surface morphology such smoothing, protrusion and crater formation. 
The accumulation of radiation defects increased the lattice parameter with increasing the fluence 
and the lattice parameter changes were 0.6% in (U, Gd)O2 and 0.4%  in UO2.   
 
Garrido  and  co-workers  (1997)  characterized  radiation  damage  of  UO2  using  RBS-
channeling techniques to see the changes in crystals with 340-MeV 
129Xe ions without some 
images of irradiated surface or damage evolution. Significant work on the irradiated UO2 surface 
has been performed using TEM with 2.7 GeV 
238U 340-MeV Xe ions at a dose of 7x10
13 cm
-2 
(Wiss et al., 1997). However, they did not quantify the areal density of dislocation loops and their 
size  as  well  as nanoindentation  to  measure  the  thermal  conductivity. They  stated  that  it  was 
impossible to observe well-defined features of defects, such as cluster and loop at a dose of   17     
 
7x10
13 cm
-2, because of overlapping damage. In the last recent years study of the evolution of 
UO2  microstructures  has  been  performed  by  irradiation  of  390  keV  Xe
+3  and  300  keV  Cs
2+ 
(Sabathier  et  al.,  2008).   At  a  dose  of  2x10
15  Xe/cm
2  it  was  very  difficult  to  obtain  bubble 
densities because of microscope detection limits.   
 
Review  of  transmission  electron  microscopy  studies  of  point  defects  in  fcc  and  bcc 
metals has been given by Eyre (1973). He described the interstitial and vacancy type defects in 
fcc and bcc metals . Also, the complex subject of irradiation damage was discussed showing basic 
damage processes governing defect production and the visible defect structure. Radiation damage 
on UO2 and (UGd)O2 samples such as oxides and glasses with focus on low-energy (< 10 keV) 
been has reviewed by  Smentkowski (2000). The irradiation with high energy heavy ions leads to 
various  morphological  evolutions  of  material  surfaces  as  a  result  of  a  balance  between 
roughening and smoothing processes. The formation of periodically arranged ripples and dots 
with nanometer scale on the surface are typical examples for the morphological evolution and it 
has been well studied both theoretically and experimentally [Takahiro et al., 2007].   
  
Matzke and co-workers (2000) investigated the swift heavy ions and fission damage in 
UO2 at various energies and fluences. Sintered and single crystal films of UO2 were irradiated at 
different facilities, ions, and energies. The energy was ranging from 72 MeV to 2.7 GeV with 
different ions used such as Zn, Mo, Cd, Sn, Xe, I, Pb, Au and U in the range of fluences from 
5x10
9 to 10
17 ions/cm
2. Some of UO2 films were pre-implanted with 40 keV 85Kr
+at different 
fluences. They found that the threshold energy loss (dE/dx) for formation of visible tracks in the 
bulk UO2 was around 22-29 keV/nm, just the same as reported before by Wiss and co-workers 
(1997). The radius of tracks increased with increasing dE/dx, from 1.5 at dE/dx of 29 to 5 nm at 
dE/dx of 60 keV/nm. Irradiation with 72 MeV iodine ions produced some spots without any 
measurable  swelling.  Polygonization  occurred  at  fluence  of  1x10
17  ions/cm
2  without 
amorphization of UO2. Lattice parameter and lattice strain increased at irradiated materials. 
 
  As part of an effort to synthesize 
271Mt using the 
238U(
37Cl,4n) reaction Watson and co-
workers (2004) investigated the morphology of UF4 irradiated by ~195-MeV 
37Cl
12+ at a dose of 
1.7x10
17 ions/cm
2. They found that morphology changes in the targets along with changes in 
chemical compositions. The averaged root mean square roughness increased from 10 to 100 nm   18     
 
at scan area of 100 µm
2 and the swift heavy ion irradiation seems to have caused a large-scale 
rumpling of the surface. 
 
2.2. Surface damage analyses techniques 
 
In  recent  years  a  number  of  techniques  have  been  developed  and  applied  that  have 
dramatically improved our understanding of surface damage. Most of the methods of surface 
analysis involve bombarding the surface with a form of radiation--electrons, photon, ions, and 
neutrons--and  then  collecting  the  emitted  radiation.  These  can  be  loosely  grouped  into  the 
categories of spectroscopic and diffraction methods and scanning probe microscopy methods. The 
scanning probe methods are a little different, although one could say that scanning tunneling 
microscopy  (STM)  detects  electrons.    Atomic  force  microscopy  (AFM)  monitors  the  force 
between the surface and a sharp tip [Vickerman, 1999].  
 
The  most  widely  used  investigative  techniques  for  the  study  of  topography  are 
transmission electron microscopy (TEM), scanning electron microscopy (SEM) and atomic force 
microscopy (AFM). Rutherford backscattering and channeling (RBSC) analysis is also a method 
by  which  to  quantitatively  study  the  depth  distribution  of  the  lattice  disorder.  Due  to  the 
nondestructive nature of RBSC samples may be further analyzed by TEM or secondary electron 
microscopy.  Field  ion  microscopy,  positron  annihilation,  and  neutron  and  x-ray  small  angle 
scattering are other useful techniques which have been used in the study of the radiation damage 
[Ullmaier, 1983].  
 
2.2.1 Spectroscopic and diffraction methods 
 
  In general, the spectroscopic methods give information about the identity (what atoms are 
there) and chemistry (how are they bounded together) of surfaces. Surface diffraction methods 
give information about the ordering and structure (how atoms are arranged) in the surface layers. 
The most commonly used investigative techniques for the study of solid surfaces  are X-ray 
photoelectron  spectroscopy  (XPS),  Auger  electron  spectroscopy  (AES),  secondary  ion  mass 
spectroscopy  (SIMS),  low  energy  electron  diffraction  (LEED),  and  grazing  incidence  X-ray 
diffraction (GIXD).    19     
 
2.2.2 Scanning probe methods 
 
  All scanning probe microscopy (SPM) methods are based on a probe being raster scanned 
over  a  surface  and  the  interaction  between  probe  and  surface  being  measured.  The  various 
methods differ in the way that the probe and sample interact. Of the many variations of SPM 
arguably the most useful are atomic force microscopy (AFM) and STM.  
  Radiation damage in bulk and thin films has been studied primarily by means of optical 
microscope and spectroscopy. The invention of atomic force microscopy (AFM) in 1986 by G. 
Binnig  and  coworkers  at  Stanford  University  has  rapidly  developed  into  a  powerful  and 
invaluable surface analysis technique at nano- and microscale, and even at atomic and molecular 
scales  [Morita  et  al.,  2002].  The  characterization  of  structures  at  the  nanometer  scale  is  an 
increasingly  important  area  of  research  and  development.  Knowledge  about  two-  and  three-
dimensional (2D and 3D) structures is an important prerequisite to understanding, predicting, and 
improving  properties  of  material  topography. AFM  provides  detailed  topography  information 
useful for studying radiation damage. Good references can be found in Morita  et al. (2002), 
Kaupp (2006) and the SPM Training manual from Nanotech Company.  
    
2.3. Numerical Modeling Investigation of Surface Morphology  
 
  Many analytical and numerical models have been developed over the last 4 decades to 
help  understand  ion  transport  in  matter  and  radiation  damage  mechanisms  during  irradiation 
processes. The transport of ions across the metal/solid system directly affects the evolution of 
surface morphology, and plays an important role in determining radiation damage condition on 
the metal surface. Monte Carlo and Molecular Dynamic simulations are preferred by numerous 
groups and authors. In general, the input parameters of radiation damage are strongly dependent 
on typical ions and their energy as well as incidence angle. The output parameters of material 
targets are stopping powers, damage profiles, and sputtering yields. 
 
2.3.1 Molecular Dynamic (MD) simulations 
 
  Irradiation  effects  in  solids  are  a  complex  function  between  the  defects  produced  in 
displacement cascades and the material microstructure. At shortest length (10-100 nm) and time   20     
 
scale  (10-100ps),  energy  displacement  cascades  are  responsible  for  primary  damage  states. 
Because of the appropriateness of the length and time scale, displacement cascades have been 
studied extensively using MD simulations over the last 20 years [Rubia et al., 1997]. This method 
obtained just  a little of our attention since we  focused on using  the Monte Carlo simulations that 
have  been  recognized  as  having  good  capability  in  computations  as  well  as  being  easier  to 
perform. 
 
2.3.2 Monte Carlo simulations 
 
2.3.2.1 Stopping and Range of Ions in Matter (SRIM) 
 
The most commonly used software for analyzing the stopping power and range of ions in 
materials is the SRIM program (Stopping and Range of Ions in Matter) developed by Ziegler et 
al. (1983).  SRIM is a group of programs which calculate the stopping and range of ions (up to 2 
GeV/amu) into matter using a quantum mechanical treatment of ion-atom collisions (assuming a 
moving  atom  as  an  "ion",  and  all  target  atoms  as  "atoms").  The  input  parameters  are  the 
experimental conditions (ion type and energy, target material with its composition, thickness and 
density) and the intrinsic parameter Ed, which is the energy required to displace a target atom far 
enough from its lattice site so that it will not fall back into the vacancy that it has left behind.   
 
  Even though the SRIM simulation gives excellent insight into the implantation process 
and  the  damage  that  accompanies  ion  implantation,  the  simulation  program  neglects  several 
important  features  which  are  present  in  the  real  implantation  process.  For  example,  SRIM 
assumes a statistically homogeneous distribution of the host atoms and does not have capability to 
handle anisotropic materials. Thus misleading results may be obtained in such cases like graphite. 
In addition, it also does not allow recombinative annihilation of defects (no vacancy-interstitial 
recombination is included) giving an over-estimate results [Dresselhaus and Kalish, 1992]. 
 
2.3.2.2 Dynamics of random surface 
 
  The two important parameters in the dynamic of random surface are root means square 
(RMS)  roughness  and  fractal  dimension.  These  parameters  depend  on  the  surface  height   21     
 
characteristic  of  the  object  to  investigate  the  scaling  properties  of  roughness  surface  in  the 
irradiated materials. The RMS roughness (interface width)   for length scale L and average 
height containing N sites with single valued height hi is defined by the expression: 
 
 
1/2 N
2
i
i=1
1
ξ (L, h ) =  h h (2.1)
N


    
 
 
For many simple processes the correlation length  grows algebraically with increasing time: 
 
 ~ t
            (2.2)  
 
For growth from a surface of extent L x L the correlation length will reach a stationary value 
given by: 
 
(L, t) ~ L
α            (2.3)  
 
where    is  the  static  surface  roughness  exponent  and    is  the  dynamic  growth  roughness 
exponent. A perpendicular correlation length,  , characterizes the fluctuations in the growth 
direction,  and  displays  the  same  scaling  behavior  as  the  surface  width,  σ(L,t)  [Barabasi  & 
Stanley, 1995]. 
 
  The fractal dimension of a set of two dimensional (2D) images can be calculated from the 
slope of a log PSD(k) – log k plot. The equation for the straight line (fractal fit) can be expressed 
by a power law (fractal) as follows [Zhao et al., 2001]: 
 
PSD(k) = Ck
-n                (2.4) 
 
where the value n represents the slope (real number), k is the special frequency and C sets the 
height. The fractal dimension D is related to the slope n of log–log plot [Olivia et al., 1999].   
 D = 4 + n/2                       (2.5) 
 PSD, which is a Fourier transform of surface heights, is defined as [Zhao et al., 2001]:   22     
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             (2.6) 
where  r  =  r(x,  y)  is  the  lateral  position  vector , and  k  =  k(k x, ky) is the spatial frequency with 
wavelength k = 2π/λ. Also z is the surface height at surface point r and A represents the surface 
area  of  integration.  Therefore,  the  peak  position  observed  in  a  PSD  profile  gives  the  spatial 
frequency of a periodic surface component. PSD from a discrete height profile can be estimated 
as [Zhao et al., 2001]: 
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PSD (k ,k ) =  h(m,n) e                                 (2.7)
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where Nx and Ny are the dimensions of a discrete surface along x and y directions. PSD can 
explain the roughness in the lateral and longitudinal surfaces, and also be used to calculate the 
total roughness.  
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CHAPTER III - RESEARCH GOALS, OBJECTIVES AND APPROACH 
 
3.1. Research Hypothesis 
 
Irradiation  and  material  variables  affect  the  formation  of  voids,  dislocation  lines, 
dislocation networks, hillocks, craters and blister. Void growth depends on competition between 
vacancies and interstitials. Evolution of voids results in some dislocations depending on lattice 
type. Blistering is caused by the gaseous atoms implanted in the near surface regions by energetic 
projectiles form gas bubbles. Such gas bubbles near the surface can grow, and when the pressure 
is high enough, they can plastically deform to the surface skin to form blister.  
 
3.2. Research Goals 
 
Investigate the surface morphology of irradiated materials such as voids, dislocations, 
hillocks  and  blistering  that  a  function  of  properties  of  selected  material,  radiation  dose  and 
energy. The studied materials that have been chosen were aluminum foils, titanium foils and 
uranium films. The proposed the target materials are deposited uranium film on the titanium foils 
with the thickness of 500µg U/cm
2. The thin foils will provide small energy loss of particles in 
the target material. The uranium film produced by molecular plating contains major components 
(C, O and U) and trace elements (Zn, Al, Po, Pd and Ca). These elements are very attractive in the 
nuclear  material to understand interactions between target  materials and backing such as ion 
mixing, intermetallic, phase stability and structure and chemical composition of the irradiated 
materials. 
 
3.3. RESEARCH OBJECTIVES  
 
Little is known about nano- and micro-damage in the interface between uranium film and 
backing materials. A database of basic experimental data on the irradiation damage at nano- and 
micro-scale level is needed for understanding multiscale simulation and the validation of the 
simulated data.  
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The surface instability and evolution of the roughening of the irradiated surface is one of 
the important factors for development of the multiscale simulation capabilities. Addressing the 
needs of nuclear material research, the main goal of the proposed study is to investigate the 
surface defects and typical damage evolution in the uranium films and its backing (titanium foils) 
created by fission fragment irradiation.  
 
3.4. RESEARCH APPROACH, METHODS AND TOOLS 
 
3.4.1 Irradiation Facilities 
 
The initial study on the radiation damage of the thin aluminum films by alpha particles 
and a mix alpha and fission fragments irradiation from a 
252Cf source  conducted in the Radiation 
Center, OSU showed that generation of observable changes of the irradiated aluminum surface 
has been observed by a moderate activity 
252Cf source (~12.3 µCi) for 100-300 hours irradiations. 
A further irradiation experiment requires larger doses which can be provided by either a long 
irradiation  time  or  high  fluxes  irradiation.  Irradiation  experiments  with  heavy  ions  as 
representatives of the fission fragments will require shorter time. It was estimated that irradiation 
with fission fragments of the energy approximately 1 MeV/amu is required to achieve obvious 
radiation  damage  surface.  For  this  purpose,  the  irradiation  experiment  was  performed  at  the 
ATLAS  facilities  (Argonne  Tandem  Linear  Accelerator  System).  Instead  of  irradiation  with 
fission fragments from 
252Cf source, titanium foils were irradiated by 2.2x10
15 ions cm
-2 136 MeV 
136Xe
+26 with shorter time (60 minutes) at beam intensity of 3 pnA. 
 
3.4.2  Irradiated Materials 
 
In this study, preparation of the uranium targets was prepared in the Radiation Center, 
Oregon State University. The 500 µg/cm
2 
238U target deposits were prepared by molecular plating 
onto the Ti foils as the backing materials. Samples were shipped to Department of Physics of 
Argonne  National  Laboratory  where  the  irradiation  experiment  was  performed.  For  this 
experiment we have prepared 12 samples consisting of 3 samples of deposited U on Ti (U/Ti), 3 
stacks of Ti foil samples. All the U/Ti samples were irradiated by 136 MeV 
136Xe
+26 at a flux of 
5.97x10
10 Xe/cm
2.s
-1 with the beam intensity of 0.3 pnA.  Meanwhile, all the stack of uncoated Ti   25     
 
samples was irradiated by 136 MeV 
136Xe
+26 at a flux of 5.97x10
11 Xe/cm
2.s
-1 with the beam 
intensity of 3 pnA.  Each sample was irradiated with different time (5, 15 and 60 minutes) as 
shown in Table 3.4.2-1 to Table 3.4.2-3.  
 
Table 3.4.2-1. Stopping power and the range of Xe-particles in the U/Ti films 
  Thickness 
(nm) 
Area 
Density 
(mg/cm
2) 
dE/dx 
MeV/(mg/cm
2) 
E 
(beam) 
(MeV) 
ΔE  
(MeV) 
 
E  
(MeV) 
 
Range 
(μm) 
Temp. 
at 0.3 
pnA 
(
oC) 
U  450  0.515  60.74  136  31.26  104.74  3.3  324 
Ti  2000  0.904  45.00  104.74  40.67  64.07  9.2  110 
The range and stopping power calculated by SRIM2008; Major and trace elements in U film were calculated 
 
Table 3.4.2-2. The irradiation time, fluence, and dose of Xe in the U/Ti films 
Irrad. 
Time 
Flux  Fluence  Dose (kGy) 
(min)  (Xe/cm
2.s
-1)  (Xe/cm
2)  U  Ti 
5  5.97x10
10  1.79 x10
13  1.37 x10
5  1.25 x10
5 
15  5.97x10
10  5.73 x10
13  4.01 x10
5  3.87 x10
5 
60  5.97x10
10  2.15 x10
14  1.64 x10
5  1.55 x10
6 
 
Table 3.4.2-3. The irradiation time, flux, fluence, stopping power and dose in the non-coated   
                         Ti foils  irradiated with 136 MeV Xe 
Irrad. 
Time 
Flux  Fluence  dE/dx  
[MeV/(mg/cm
2)] 
Dose 
 (kGy) 
            
Temp. at 
3 pnA 
(
oC) 
(min)  (Xe/cm
2.s
-1)  (Xe/cm
2)  Ti  Ti  Ti 
5  5.97x10
10  1.79 x10
14  48.08  9.20 x10
4  966 
15  5.97x10
10  5.73 x10
14  48.08  4.60 x10
5  966 
60  5.97x10
10  2.15 x10
15  48.08  2.30 x10
6  966 
 
Table 3.4.2-4 Depth profile of non-coated Ti foils irradiated with 136 MeV Xe (3 pnA) 
Depth 
(µm) 
dE/dx 
[MeV/(mg/cm
2)] 
ΔE  
(MeV) 
E in 
(MeV) 
E out  
(MeV) 
Range 
(µm) 
Max. Temp 
(
oC) 
0  48.08  43.46  136  92.536  10.6  966 
2  43.13  38.98  92.536  53.556  8.2  867 
4  33.32  30.11  53.556  23.442  6.0  671 
6  17.10  15.45  23.442  7.987  3.5  356   26     
 
The irradiation target sample holder was a custom-made, ladder-type frame, made of 
aluminum, and suited for holding four targets in a vertical row. The outer dimensions of each 
from four frame windows were 24.1 x 14.9 mm
2 with the 10 mm diameter hole in the middle.  
 
The total of irradiation time of 4 hours for all the samples was proposed so with the shift 
for irradiation of the next each ladder of samples, the total of irradiation time including shifting 
the beam for each sample will be ~4.25 hrs. The maximum temperatures of the target at a beam 
intensity of 0.3 pnA were estimated to be 324
oC on U/Ti samples and 110
oC on Ti backing 
materials. Meanwhile, the maximum temperatures of the titanium targets at a beam intensity of 3 
pnA are estimated to be 966
oC. Calculated maximum temperature in the uncoated Ti samples at 
the depth of 2, 4, and 6 µm are given in Table 3.4.2-4. Irradiated samples from Argonne National 
Laboratory were shipped back to OSU for analysis of post-irradiation changes. 
 
3.4.3 Evaluation of irradiated surfaces 
 
Several methods such as atomic force microscopy, scanning electron microscopy/energy 
dispersive spectroscopy (SEM/EDS), Raman spectroscopy and X-ray diffraction were used to 
investigate  the  structures  of  pre-  and  post-irradiated  surfaces.  The  radiation  damage  was 
quantified by: (i) root mean square roughness, (ii) depth profile of the disordered zones, (iii) size 
and areal density of the voids, dislocation lines, dislocation network, hillocks and blisters, (iv) 
void swelling, (v) elemental compositions, and (vi) structure and phase analysis. Also hillocks, 
craters and pitting on the uranium film and its backing materials caused by irradiation with fission 
fragments were observed.  
 
The most commonly used code today is the Stopping and Range of Ions in Matter SRIM program 
developed by Ziegler et al. (1985).  SRIM is a group of programs which calculate the stopping 
and range of ions (up to 2 GeV/amu) into matter using a quantum mechanical treatment of ion-
atom collisions (assuming a moving atom as an "ion", and all target atoms as "atoms") and the 
Transport of Ions in Matter (TRIM) is the most comprehensive program included. The input 
parameters to the program are the required experimental conditions (ion type and energy, target 
material with its composition, thickness and density) and the intrinsic parameter Ed which is the   27     
 
energy required to displace a target atom far enough from its lattice site so that it will not fall 
back into the vacancy that it has left behind. 
Even though the SRIM simulation gives excellent insight into the implantation process and the 
damage that accompanies ion implantation, the simulation program neglects several important 
features which present in the real implantation or irradiation process. For example, it assumes 
statistically homogeneous distribution of the host atoms and does not have capability to handle 
anisotropic materials. Therefore, misleading results may be obtained in such case like graphite.  
In addition, it also does not allow recombinative annihilation of defects (no vacancy-interstitial 
recombination  is  included)  giving  an  over-estimate  results  [Dresselhaus  and  Kalish,  1992]. 
Therefore, the modeling of surface damage of the irradiated materials will be performed using 
SRIM 2008 and compared with experimental results. The theoretical estimate of displaced-atom 
density in the aluminum, titanium and uranium will be provided. 
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CHAPTER IV - EXPERIMENTAL 
 
4.1. Irradiation of aluminum with alpha and fission fragments from 
252Cf source 
 
4.1.1. Irradiation with Cf-252 set-up and materials 
 
A ~13 µCi 
252Cf source was used to irradiate thin metal foils (TAF). The films with thickness 
of  0.54  mg/cm
2  Al  were  exposed  to  the  source  with  the  fluences  of  fission  fragments  from 
3.3×10
8 to 1.0×10
9 ff/cm
2. The fluences of alpha particles only ranged from 4.4×10
9 to 1.5×10
10 
α/cm
2.  
The 
252Cf source was located on the bottom of vacuum chamber that is evacuated to approx. 
10
-3 torr to eliminate stopping of charged particles by air molecules. The target films was placed 
in  a  window  holder  with  1  cm  diameter  and  irradiated  at  the  distance  of  1.6  cm  at  normal 
incidence with the radiation source. The 
252Cf source (active area 0.78 cm
2) were supplied by 
Isotope Products (Valencia, CA), and covered with 250 μg/cm
2 gold cover (thickness 78 nm). The 
irradiation times, radiation dose and the fluences of particles striking the aluminum targets varied. 
For comparison, one set of irradiations was made using aluminum foil filter with thickness of 16 
µm which filters out fission fragments, and allow only alpha particles with kinetic energy of 3.3 
MeV to strike the foil. Scheme of the irradiation chamber is shown in Fig 4.1. 
 
4.1.2 Surface Analysis  
 
  Samples were viewed in the flatten mode using a Multimode AFM with a Nanoscope IIIa 
controller and an E scanner (Veeco Instruments). The optical viewing system of AFM probe was 
calibrated using a silicon grid with 10 μm x10 μm pitch. The images were analyzed using the 
WSxM 4.0 version 9.2 software developed by Nanotec Electronica S.L. [Horcas et al., 2007]. All 
images were captured at the scan rate of 1 Hz, using 256 x 256 pixel resolution with scan sizes of 
50, 100, 250, 750, 1000, 2500, 5000, 10000 and 15000 nm and a data scale of 30-500 nm. In 
order to confirm quantitative data on damage (number and size of voids, blisters and loops) 
observed  on  the  irradiated  surface,  samples  will  be  scanned  from  nine  to  twelve  different 
randomly chosen regions.  
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Fig 4.1. Diagram of irradiation chamber in the Radiation Center, OSU 
 
 
 
4.1.3 Measured Flux and Dose Calculations 
 
  Alpha doses in thin foils were calculated based on assumption that the collision stopping 
power remains practically constant and backscattering may be ignored: 
Dose [Gy] = fluence [α/cm
2] * dE/dx [MeV/(g.cm
2)] * 1.602x10
-10    30     
 
Monte Carlo calculations (using SRIM 2006) were used to calculate the stopping power 
of alpha particles and fission fragments in the target materials. The ion energies for 55 typical 
fission fragments, ranging from 40 to 120 MeV (this can penetrate both the gold cover foil and 
targets)  and  representing  an  average  energy  of  the  light  and  heavy  fission  fragments  were 
calculated by SRIM2006 for dose calculations.  Calculation results are tabulated in Appendix II. 
 
4.2. Irradiation of thin uranium film and its backing with fission fragments (
136Xe
+26)  
 
4.2.1. Preparation of Uranium Film Samples  
 
Over  one  hundred  samples  were  prepared  for  study  using  molecular  plating.  The  molecular 
plating was carried out in the cell shown schematically in Figure 4.2.1. The cell was made of a 
polyethylene cylinder with an inner diameter of 3.18 cm and a length of 7 cm. This cell was 
attached to a circular stainless steel base and a cooling system. A rubber O-ring of 0.9cm inner 
diameter was used to define the active area of the deposits. A palladium wire was employed as 
the anode (1.0 mm in diameter and 10 cm in length). 
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Fig 4.2.1. Molecular plating cell set up 
 
The end of wire was fashioned into a circular shape of about 1 cm in diameter and was placed in 
the center of the cell. The cell was filled with 15 ml organic solvent (isopropyl alcohol and 
isobutanol) and an aliquot of 0.5–40 µL of 0.04 M UNH (UO2(NO3)2.6H2O) in 0.75 M HNO3 was 
added to the alcohol. After washing with acetone to remove any grease, the titanium (2–8.5 µm 
thickness) or aluminum backing foil (2–16 µm thickness), acting as the cathode, was placed 
between the cell and the circular stainless steel base. The distance between the anode and cathode 
was about 10 mm. During deposition, the surface temperature of water cooler, anode, cathode and 
electrolyte was monitored by the IR temperature control. Temperatures ranging from 20 to 27
oC 
were used. (The power supply connected to the plating cell was a ”BERTAN High Voltage PS 
Model 214 DC Power Supply” with a variable voltage setting from 0–1000 V and an output 
current of 0–15 mA.) The initial pH of solution was ~0.71–1.33. The uranyl nitrate hexahydrate 
(UNH) solution was continuously stirred by a glass rod (500–1000rpm) to obtain a more uniform 
deposit. Plating was conducted at voltages of 100–800 V with a current density of 0.119mA/cm
2. 
A 
Power  
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MOTOR 
Plexiglas 
Glass Stirrer  
Pd wire 
electrode 
(Anode) 
O-ring 
& gasket 
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Deposition times of 0, 30, 60, 90, 120, 360 and 420 min were used. Samples with thicknesses 
greater than 0.7 mg/cm
2 were prepared by multiple depositions. 
 
4.2.2. Irradiation Set-up 
 
Sample  irradiations  were  conducted  in  the  Positive  Ion  Injector  (PII)  area,  ATLAS 
Argonne National Lab., Chicago IL as shown in Figure 4.2.2.1. Samples of 0.5 mg U/cm
2 on Ti 
foils were irradiated with 136 MeV 
136Xe
+26. The beam intensity was 0.3 pnA with the beam spot 
was about 0.2 cm in diameter. Three different fluences, (1.8, 5.4, and 22) x 10
13 ions/cm
2, were 
delivered with the irradiation times of 5, 15, and 60 minutes, respectively. , uncoated Ti foils The 
pressure  in  the  target  chamber  was  about  5x10
-7  torr.  For  irradiation  of  uncoated  Ti  foils 
(thickness 904 mg/cm
2), a stack of four titanium foils were irradiated by three different fluences, 
(1.8, 5.4, and 22) x 10
14 ions/cm
2 with current intensity of 3 pnA. Before and after irradiation, the 
samples were examined by atomic force microscopy, scanning electron microscopy and X-ray 
diffraction.    
 
The  total  of irradiation  time  for  all  the  samples  was 3.5  hours  including 30  minutes 
irradiation shifting to each sample and changing the ladder.  The maximum temperatures on the 
target due to beam intensity (0.3 pnA) are estimated about 324
oC on U samples, and 110
oC on Ti 
backing samples. The irradiation time, doses, stopping power and the areal density of targets are 
listed in Table 2-3.1 to 2-3.2.  
 
The geometry of the sample holder containing frames and ladder is shown in Fig 4.2.2-1. 
Frame dimension is 1.5x20.0 mm with the thickness of 3.0 mm and the diameter of the sample 
holder is 9.0 mm. Frames and ladder are made of aluminum and the thin clamps were made of 
copper foils.  
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Fig 4.2.2-1. The rear view of the PII in ATLAS IL 
 
 
 
Fig 4.2.2-2. Ladder containing frames of irradiated samples was mounted on the feedthrough 
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Fig 4.2.2-3. The feedthrough was connected to the vacuum hose 
 
 
4.2.3. Characterization of samples  
 
The  thicknesses  of  the  U  deposits  were  determined  by  weighing  and/or  alpha-particle 
spectroscopy. The overall uniformity of the samples was determined by autoradiography (Fuji 
BAS-5000). A visual analysis of the surface of the deposits was made using a digital microscope 
(Keyence VHX-6000). The analysis established the overall morphological features of the surfaces 
of the deposits. Scanning electron microscopy (using a Model FEI Quanta 600 FEG) was used to 
examine the grain boundaries of the deposits (length scale 50–200 mm). Detailed microscopic 
examination of the deposits was made using atomic force microscopy (AFM).  
 
4.2.3.1 Atomic Force Microscopy (AFM). 
 
Samples were scanned using silicon nitride cantilevers in contact flatten mode using a Multimode 
AFM with a Nanoscope IIIa controller and an E scanner (Veeco Instruments). The scanner was   35     
 
calibrated using a silicon grid with10x10 µm
2 pitch. The images were analyzed using the WSxM 
5.0 version developed by the Nanotec Electronica [Horcas et al., 2007]. All images were captured 
at the scan rate of 1Hz, using 256x256 pixel resolutions with scan sizes from 50 nm to15 µm and 
flattened to remove large degrees of background tilt. 
 
 
Fig 4.2.3-1 The AFM image of a silicon grid with10x10 µm
2 pitch for AFM scanner calibration. 
 
4.2.3.2. Scanning electron microscopy and Energy Dispersive X-ray (SEM/EDX) 
 
The chemical composition of the deposited layers was determined using energy dispersive X-ray 
fluorescence. Further information about the chemical character of the U deposits was obtained by 
the IR and the Raman spectroscopy. Scanning electron microscopy (SEM) with energy dispersive 
spectroscopy  (FEI  Quanta  600F,  Hillsboro  OR,  USA)  were  used  to  image  the  structural 
topologies  of  samples  at  low  magnifications  and  to  measure  the  elemental  composition  of 
samples.  The  chamber  and  gun  pressures  of  SEM/EDX  were  operated  at  1.48x10
-5  Pa  and 
1.61x10
-7  Pa,  respectively  with  an  emission  current  of  482  µA.    Samples  were  examined  at 
magnifications ranging between x110 and x50000. 
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4.2.3.3. X-ray Diffraction (XRD)  
 
X-ray  diffraction  data  were  acquired  using  monochromatic  copper  Kα  radiation,  a  graphite 
diffracted  beam  monochromator,  and  scintillation  detector  on  a  Bragg-Brentano  focusing 
diffractometer (Rigaku, Ultima IV). The x-ray tube was operated at 40kV and 40 mA. Diffraction 
data was collected between two-theta angles of (0-80
o) with 0.02
o steps with a 20 second count 
time per step. PDXL software from Rigaku, Inc. was used to plot the diffraction patterns, identify 
d-values, and fit reference patterns to identify the phase(s) present. The International Centre for 
Diffraction Data – Powder Diffraction File (ICDDPDF) database of reference patterns was used 
to identify phases present in samples.  
 
4.2.3.4. Fourier Transform Infrared/FT Raman Spectroscopy (FTIR/FT Raman)  
 
The infrared and Raman spectra of the irradiated and unirradiated U film, Al and Ti foil samples 
were measured at room temperature by a TR-FTIR (Nicolet Nexus 870 FTIR spectrometer) with 
a smart endurance single bounce diamond ATR cell. Spectra over the 4000−500 cm
-1 range were 
measured by the co-addition of 32-500 scans with a resolution of 4-16 cm
-1, a mirror velocity of 
0.6329 cm/s and laser power of 250-400 mW. Spectral data were performed using the commercial 
software package OMNIC (Galactic Industries Corporation, NH, USA).  
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CHAPTER V - RESULTS AND DISCKUSSION 
5.1. Characterization of U-film prior irradiation 
5.1.1. Autoradiography  
The overall macroscopic uniformity of the deposits was excellent as shown in Figure 5.1.1. The 
autoradiographic image of the U deposit shows excellent uniformity over a source diameter of 
over 7 mm with an edge gradient of 0.26 mm of U over a 0.5 mm distance.  
 
Figure 5.1.1. Autoradiograph of activity of U (expressed as photostimulable luminescence) 
                          as a function of lateral position on the 10 mm Al substrate. 
 
5.1.2. Chemical composition of U-film  
Energy dispersive X-ray fluorescence of the U deposits on Al substrates revealed the composition 
to be 64.74 wt% U, 20.64% O, and 2.99% Al, with minor concentrations of Mg, Si, S, Ca, Fe, Zn, 
Pd and Po being detected. The O/U atom ratio was 4.7 suggesting the presence of UO3∙2H2O. 
However, the IR analysis did not show the characteristic bands of water as being present. Energy 
dispersive X-ray analysis found that no nitrogen was found in the sample confirming the previous 38 
 
finding [Liebe et al., 2008] that uranium is deposited in its oxide or hydroxide form rather than its 
nitrate  form.  Raman  spectroscopy  indicated  the  presence  of  the  symmetric  stretch  frequency 
associated with the U–O double bonds of the UO2
++ ion [Frost et al., 2006]. IR spectra, while not 
showing the characteristic absorption lines of the water molecule, did show the characteristic 
absorption line of the OH group [Deane, 1961]. Thus the structure of the deposit is complex but 
does not include water molecules. A possible structure of the deposit is shown in Figure 5.1.2. 
Unfortunately this structure with its O/U ratio of 4/1 is not fully compatible with the observed 
O/U ratio of 8.96.  
 
 
  
 
 
                              Figure 5.1.2. Proposed structure of the molecular plating deposit. 
Figure 5.1.3 displays photographs and microscope images of 5 samples of U/Ti targets, each with 
different thicknesses of uranium deposited on a 0.90 mg/cm
2 thick titanium backing foil. Only the 
thin films (thickness ≤ 0.25 μm; 0.137 mg/cm
2) are of good quality, smooth and uniform. For the 
thicker uranium films (thickness ≥ 0.50 μm), the mechanical properties of the films on the Ti foil 
(thickness 2 mm) have deteriorated. Detail description of failure of targets as a function of the U 
deposit thickness is included below the images. 
Similar trends were observed by Santos et al. (2004) using conventional electroplating with a 
saturated ammonium chloride electrolyte. They found that the films obtained were uniform up to 
a uranium content of 40 mg/cm2. By increasing the uranium content in the electrolytic solution, 
small clusters and superposition of layers of electro-deposited material were growing. According 
to Parker et al. (1964) thinner films have a hard glossy color but if the film thicknesses exceed 0.5 
mg/cm
2, the films will crack by applying pressure to the backing. 
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Figure  5.1.3.  Deposits  of  thin  uranium  films  (0.137  to  4.097  mg/cm
2)  on  Ti  foils               
(thickness 0.90 mg/cm
2).  
 
We found, using digital microscopy, for the 1.5 mg/cm
2 U film, the initial surface was thick and 
homogeneous, but after heating to 115
oC for 10 h, small holes with a diameter of ~40 nm were 
formed. The holes were distributed uniformly over the surface of the film.  
Meanwhile, for the 4.1 mg/cm
2 U film, the initial damage to this coating was the formation of 
long polygonal cracks. These cracks originated from the Ti backing. In Figure 5.1.4, we show a 
set of AFM images of U deposits on 10 μm Al foil as a function of deposition times. From these 
images we extracted the root mean square roughness of the uranium films.  
5.1.3. Surface Roughness and Surface Morphology 
The root mean square roughness is a measure of the vertical deviation of the surface from a 
smooth surface, being the standard deviation of all height values relative to an average surface 
height. Formally we have  
 
n
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where RRMS is the root mean square roughness and yi is the height of the ith point on the surface 
relative to the mean height. The root mean square (RMS) surface roughness values of uranium 
films deposited on the Al backings at various different times of depositions are shown in Figure 
5.1.5. It can be seen from Figure 5.1.5 that the surface roughness (RMS) increases drastically 
with film thickness up to a deposition time of 45 min and then decreases again until the smoothest 
film is obtained. Similar results were found for U deposits on Ti backings. 
5.1.4. Fractal dimension of Uranium Film 
The  surface  roughness  of  the  U  deposits  has  been  measured.  Typical  values  of  the  RMS 
roughness are 200–400 nm for foils of thickness 2530 nm. One might inquire as to what the 
practical significance of this roughness is. Three situations come to  mind relative to nuclear 
targets and radiation sources. They are: (a) the broadening of alpha-spectral lines (b) the energy 
loss  of  fission  fragments  emerging  from  the  foils  and  (c)  the  energy  loss  of  heavy  recoils 
produced in nuclear reactions. Monte Carlo simulations for typical detection geometries (3.14 
cm
2 source, 10 cm away from a 3 cm
2 detector for α-spectroscopy/reaction studies) showed no 
additional effect on energy loss from a ‘‘rough’’ foil compared to a ‘‘smooth’’ foil. 
Nonetheless the surface roughness is a basic observable to describe film growth. It is common in 
the surface science community to use a mathematical analysis of the basic roughness data in 
terms  of  fractals.  Fractals  are  rough  surfaces  that  show  the  same  structure  regardless  of  the 
magnification scale. Such self-similar structures can be characterized by a single parameter, the 
fractal dimension D. (Surfaces can be described also as self-affine when an affine transformation 
(a linear transformation followed by a translation, i.e., y = mx + b) causes the surface to be self-
similar). 
To reduce the basic roughness data to a fractal characterization, one creates the power spectral 
density (PSD) of the data. The PSD of an AFM image can be calculated using a fast 2D Fourier 
transform, i.e., 
 
2
1 1
2 ) (
2 2 ) (
1
) , ( 





  
 
  
N
m
N
n
n f m f L i e
mn y x L e Z
L
f f S
y x                                         (2) 
 41 
 
 
Figure  5.1.4. Three-dimensional  AFM  images  of  deposited  uranium  on  10  mm  aluminum  at                    
different deposition times: (a) 15, (b) 30, (c) 45, (d) 60, (e) 90 and (f) 120 min. 42 
 
where S2 is the two dimensional PSD, L
2 is the scanned surface area, N is the number of data 
points per line and row, Zmn is the profile height at position (m, n) fx, fy are the spatial frequency 
in the x- and y- directions and ΔL= N/L is the sampling distance. S2(fx, fy) can be reduced to a 
function of a single variable by transforming to polar coordinates and angular averaging  
 

 

2
0
2 2 ) , (
2
1
) ( d f S f S                 (3) 
 
From  this  one  dimensional  PSD  function,  one  can  extract  a  single  parameter,  the  fractal 
dimension D of the surface, using the relationships 
S2(f) α f 
-β              (4) 
and 
D = 4+ β/2              (5) 
 
The quantity b is then the slope of a log–log plot of S2(f) vs. f. The fractal dimension values so 
derived are such that 2 ≤ D ≤ 3. The larger D is, the more irregular the surface is. A substrate with 
D ~2 has a smooth and planar surface morphology [Sonwane et al., 1999; Mannelqvist and Groth, 
2001]. In Figure 5.1.6., we compare nine different PSD curves for one sample of U film deposited 
on aluminum foil (thickness 10 mm) at various scales from 50 to 15000 nm. The slope of each 
line provides the fractal dimension. In this graph the PSD of this sample does not follow a fractal 
model since the fractal dimension is not invariant with respect to the length scale. Therefore, this 
film surface fractal dimension. In this graph the PSD of this sample does not follow a fractal 
model since the fractal dimension is not invariant with respect to the length scale. Therefore, this 
film surface should be characterized as a multiple-fractal. For length scales from 50 to 15000 nm, 
the thin uranium film is a physically continuous surface with D values between 2 and 3.  
 
In Figure 5.1.6, we show, in addition to the surface roughness, the fractal dimensions of the 
surface. The initial D value of the Al backing was 2.33 and after 45 min deposition the D value 
increased from 2.33 to 2.42 indicating that the deposited U film has a somewhat rougher surface 
than that of the Al backing. Finally, after 120 min deposition, the D value of the U film was much 
closer to 2, indicating that a smooth surface was present. 
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Figure 5.1.5. Surface roughness and fractal dimension (see discussion) of U    
                      films on Al backings at various deposition times. 
 
 
 
Figure 5.1.6. PSD plots of U–Al samples for various deposition times. 44 
 
5.1.5. Infrared and Raman Spectra of Uranium Film 
Infrared and Raman studies of uranyl nitrate hydrate and its structure have been performed by 
some authors [Volod’ko 1986; Faulques et al. 1994; Palcios & Taylor, 2000; Frost and Cejka 
2009]. The infrared and Raman spectra of uranyl nitrate hexahydrate, UO2(NO3)2.6H2O, (UNH) 
and deposited thin uranium films on Ti and Al foils are shown in Figure 5.1.6 and Fig 5.1.7. In 
this study, UNH has strong bands in its infrared spectrum at 960, 1339 and 1633 cm
-1 and a broad 
band peak between 3100 cm
-1 and 3500 cm
-1.  The strong band observed in the infrared spectrum 
at 960 cm
-1 confirms the presence of antisymetrical stretching vibration of uranyl ion. The bands 
at 1339 cm
-1 and 1633 cm
-1 indicated the presence of ONO2 and H2O, respectively [Volod’ko 
1986; Frost and Cejka, 2009]. In addition, the band observed in the region of 3100 and 3500 cm
-1 
is due to the H2O stretching. Changes in the infrared transmittance spectrum of UNH in 0.75N 
HNO3 solution upon deposited uranium on Ti foils were shown in Figure 5.0.7 (bottom). The 
vanishing of spectrum at 960, 1339 and 1633 cm
-1 was observed at the spectra of uranium films. 
 
Figure 5.1.7. Raman spectra of 0.75N HNO3 (upper) and UNH in 0.75N HNO3     
                     (lower). 
 
As shown in Figure 5.1.7, Raman spectrum of UNH exhibited two very intense bands at 872 and 
1048 cm
-1 and a broad band between 3000 and 3500 cm
-1. The single strong peaks at 872 and 
1048 cm
-1 confirmed the symmetric stretch vibration of UO2
2+ and the symmetrical stretch 
vibration of υ1NO3
-, respectively.  45 
 
 
Figure 5.1.8. FTIR spectra of UNH in 0.75N HNO3 (top) and U/Ti film (bottom). 
 
Figure 5.1.8 shows the Raman spectra of UNH in HNO3, residue of electrolytes, butyl-alcohol 
and U/Ti film during molecular process. 
 
 
Fig 5.1.9. Raman spectra of UNH in HNO3, residue of electrolytes, butyl-alcohol and U/Ti film. 
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Spectra analyses of electrolyte solution and deposited uranium in the backing materials during 
electrodeposition  by  molecular  plating  method  are  shown  in  Figure  5.1.9  to characterize  the 
behavior of uranium compounds. The RAMAN spectrum of deposited U/Ti film shows the tree 
intense peaks at 678, 1550 and 2422 cm
-1. These three peaks do not observed in the uranium 
oxides but Santos et al. (2003) have pointed out that the interval of frequencies for this band was 
from 685 to 755 cm
-1. As shown in Figure 5.1.8, the spectrum of U/Ti film exhibited the absence 
of NO3 (has confirmed by EDX analysis) and nearly completes loss of H2O. 
 
5.1.6. Target preparation prior irradiation experiment 
 
Prior  the  irradiation  experiment,  the  images  of  uranium  films  on  the  aluminum  and 
titanium foils the backing materials subject to digital microscope observation for preliminary test. 
When the quality has met the requirement then determination of composition and activity can be 
performed by SEM/EDX and alpha spectrometer, respectively. Figures 5.1.10 and 5.1.11 show 
the snapshot of surface quality and deposit of uranium films (~500µg U/cm
2) on the Al and Ti 
foils. 
 
 
Figure 5.1.10. Snapshot of the thin uranium film by digital microscope to check the quality  47 
 
 
a) 
 
b) 
 
Figure 5.1.11. The digital microscope snapshot of uranium films  (~500µg U/cm
2)    
                         on: (a) the Al (0.54 mg/cm
2) and  (b) Ti  (0.904mg/cm
2)  foils 
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5.2. Irradiation of thin aluminum films with alpha particles and fission fragments  
       from 
252Cf source  
 
5.2.1. Evolution of Surface Morphology 
 
The series of 2D AFM images of thin aluminum film surfaces in Figure 5.2.1 shows the 
evolution of microstructure damages as the (α + ff) fluences steadily increased. No lines or voids 
are  detectable  at  surface  of  thin  aluminum  films  prior  to  irradiation  (Figure  5.2.1.a),  while 
significant changes in surface morphology after irradiations with fission fragments and alpha 
particles are evident (Figure 5.2.1b-d).  
a)  
 
b) 
 
c) 
 
d) 
 
Figure 5.2.1. The 2D AFM images of TAF surface morphology with the scan size of 15x15 µm
2 and the 
data scale of 200 nm each.  Irradiations at room temperature with charged particles from 
252Cf were performed at doses: (a) 0, (b) 1.346 kGy, (c) 3.446 kGy and  (d) 4.104 kGy. 49 
 
The mechanism of the radiation damage can be explained by interaction of vacancies and 
interstitial atoms that are created by the collisions of energetic fission fragments with atoms of the 
solid  crystalline  lattice  [Olander,  1976].  The  fundamental  mechanisms  responsible  for  void 
swelling  have  been described  in detail  by  Brailsford  and  Bullough  (1978):  the  two  essential 
requirements for void growth to occur are dislocations and neutral sinks. Void swelling during the 
irradiation  is  a  direct  consequence  of  the  slightly  greater  drift  interaction  experienced  by 
interstitials  in  the  stress  fields  of'  dislocations  compared  with  the  corresponding  vacancy 
interaction.  The  dislocations  thereby  act  as  biased  sinks  for  interstitials,  and  the  result  is  a 
potential  net  excess  vacancy  flux  to  any  neutral  sink  present.  Under  favorable  nucleation 
conditions and in association with helium or residual gases, the vacancies can aggregate to form 
void embryos or small gas bubbles. The void embryos are the required neutral sinks and can then 
grow into voids with the continued net loss of interstitials to the biased sinks.  
5.2.2. Voids 
Figure 5.2.1b represents the micrograph of aluminum surface after irradiation with a dose of 
1.898 kGy. No obvious dislocation lines and loops were observed yet. The black dots (identified 
as  the  voids)  that  appeared  in  the  structure  microstructure  were  evaluated  and  their  mean 
diameter, depth and areal density are summarized in Table 5.2.1.  The areal density of voids is 
reported  as  a  total  number  of  voids  in  a  foil  per  area  (voids/cm
2).  The  void  swelling  was 
calculated from the AFM images as described by Johnston et al. (1973). The individual void 
volumes were summed to give the total void volume (ΔV) in the foil of known volume (V), and 
the void swelling (%) was calculated as ΔV/V x 100%.  
       Table 5.2.1. Voids and Swelling 
Rad Dose  Swelling  Mean 
diameter 
Mean depth  Areal  
density  
[kGy]  [%]  [nm]  [nm]  [voids/cm
2] 
α + ff  1.898 
4.473 
5.277 
1.4±0.1 
3.7±0.1 
4.3±0.1 
186±5 
334±11 
490±32 
10±1 
19±4 
38±2 
(2.2±0.3).10
7 
 
(3.8±0.8).10
7 
(2.0±0.3).10
7   
α  <1.562 
1.562 
n/a 
1.4±0.3 
n/a 
25619 
n/a 
141.4 
n/a 
(3.50.1).10
5 50 
 
It was reported earlier [Packan, 1971] for irradiation of high purity aluminum with neutrons 
that the size and population of voids are a function of fluence. For the beam of alphas and fission 
fragments there was a linear increase in swelling and void sizes with increased radiation dose 
(Figure 5.2.2). However, while the data for swelling and void size for both fluencies (α and α+ff) 
were consistent and lie on the same trendline, the areal density (voids/cm
2) was 100x larger when 
the surface was irradiated with the unfiltered beam of high-energetic alphas and ff from the 
252Cf 
source than irradiated with the same dose by low energy alphas (Table 5.2.1).   
While swelling is a monotonously growing function, parameters of voids are very sensitive 
tools for evaluation of radiation damage; for example, the depth of voids sharply increases and 
their density radically drops at increased radiation dose (Figure 5.2.2). The dose of 4.47 kGy 
appears to be a very important number for this thickness (0.54 mg/cm
2) of aluminum, also the 
first dislocation loops are formed at this point.  
 
 
Figure 5.2.2. The characteristics of voids as a function of radiation dose (α and α+ff) 
5.2.3. Dislocation Lines 
The first surface damage  becomes clearly visible only after radiation dose of   4.47 kGy 
(5.59×10
9 α/cm
2 and 6.39×10
8 ff/cm
2), Figure 5.2.1c. The number of dislocation lines created on 
the aluminum surface was 2x10
6 cm
-2, while the areal density, mean diameter and mean depth of 
the black dots increased almost linearly, see Figure 5.2.2. The dislocation lines and voids are 51 
 
more or less randomly spread on the irradiated aluminum surface; however, some inhomogeneity 
observed  can  be  possible  due  to  an  inhomogeneous  distribution  of  impurities  in  aluminum 
[Brimhall et al., 1971]. 
5.2.4. Ellipsoidal Dislocation Loops 
High  helium  concentration  and  the formation  of  helium  bubbles  in  metals  are  known  to 
enhance void swelling and produce surface roughening and blistering [Morishita et al., 2001]. 
The recent study by Ao and co-workers (2006) on atomistic behavior of helium-vacancy clusters 
in aluminum has shown that He atoms act as the catalyst for the formation of helium-vacancy 
clusters. The temperature range for void formation and growth is approximately 0.3Tm < T < 
0.5Tm where Tm is the melting temperature in deg K [Majey et al., 1973], but this is not an 
invariable rule [Norris, 1972]. The irradiations of pure aluminum thin film by 20 keV He
+ ions at 
300K with a fluence of 10
13 ions/cm
2 resulted in many loops that were confirmed to be of the 
interstitial type [Ono et al., 1985]. 
The  ellipsoidal  dislocation  loops  in  the  irradiated  aluminum  film  (Figure  5.2.1.d)  were 
observed first at the radiation dose ~1.1 kGy. Such large doses lead to the largest size of voids 
observed in this experiment, and although their density significantly decreased (Figure 5.2.2, 
Table 5.2.1), the density of dislocation loops grew up from undetectable to 3.1x10
6 cm
-2. Even 
though  the  number  of  ellipsoidal  dislocation  loops was  yet  not large,  their  appearance  is an 
evidence of a dislocation structure change upon this dose of irradiation with mixed fluencies of (α 
+ ff) particles at the room temperature.  
5.2.5. Blisters 
Formation of apparent blisters that were also observed on the irradiated aluminum surface are 
presented in Figure 5.2.3. The proposed models for the development of blistering (based on the 
gas-pressure  (i)  and  the  lateral  stress  models  (ii))  have  been  reviewed  extensively  by  some 
authors [Mansur and Coghlan, 1983]. For example, Moreno and Eliezer (1997)
 have performed 
the study of the blister formation in Cu alloys due to the He ion implantation to calculate the 
thickness of the blister.  52 
 
The surface structures, developed due to gas ion implantation into solids are predominantly 
caused by the action of stresses and internal gas pressure in the implanted layer [Evans, 1971]. 
Blister  formation  depends  on  the  mechanical  properties  of  the  metal  and  the  near-surface 
concentration of the implanted gas, which itself is contingent on the crystallographic orientation 
by means of the topping power of the implanted atoms.  
The  other  models  explain  the  formation  of  blisters  by  repeated  displacements  of  surface 
layers, which extend blister wall vertically [SRS Report, 1978]. The lattice atoms are dislodged 
by fission fragments (primary knock-on). Since the fission fragment energy is so high, the energy 
of primary knock-on is large enough to create additional displacements when it collides with 
other lattice atoms. In this manner each fission fragment creates a cascade of displaced atoms and 
vacant lattice site left behind by the removal of the atoms.  
 
 
Figure 5.2.3. The 3D AFM images of a single blister developed upon  
                              irradiation with 
252Cf-source at room temperature 
       
The discrepancy between models does not support the agreement between blister diameter and 
projected range relation uch as in the case of He bombardment of Nb at room temperature stating 
that the blister diameter (db) should be close to the projected range of particle, <Rα> [Ono et al., 53 
 
1985; Mansur and Coghlan, 1983; Scherzer, 1983]. Fission fragments can extend to the surface 
because of increased vacancies and interstitials in the aluminum surface. Alpha particles deposit 
as  atoms  of  helium  in  the  lattice,  and  then  the  He  atoms  and  vacancies  coalescence  into 
subsurface gas bubbles [SRS Report, 1978; Erents and McCracken, 1973].  
Figure 5.2.4 shows the cross sections of the two single blisters developed on aluminum surface 
upon irradiation with  a beam of α-particles and a beam of both (α + ff) from 
252Cf. The blisters 
were viewed at 45
o to their surface profiles, and two lines were drawn across the blisters. The 
mean height and diameter of blisters caused by the beam of both (α + ff) charged particles were 
found to be 0.3 μm and 1.7 μm, respectively, while the mean height and diameter of blisters 
caused by filtered α-particles were 0.1 μm and 0.93 μm, respectively.  From the other side, the 
projected ranges of alpha particles <Rα> in the aluminum for energies of 6.07 and 3.32 MeV are 
28.35 and 12.20 µm, respectively.  
 
Figure 5.2.4. The cross sections of two blisters: FF+α-   
                      particles (──) and α-particles (──). 
 
From these results it follows that the ratios of the measured blister diameter to the projected 
range  are  too  small  (0.060  and  0.077,  see  Table  5.2.2);  therefore,  they  do  not  support  the 
interbubble fracture and the loop punching mechanism, proposed by Evans (1971) and Jacques et 
al. (1980); hence, also other models must be considered. For example, the plastic deformation 
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model proposed by Erents and McCracken (1973) where all the implanted gas fluence is collected 
in  a  layer  formed  by  a  sudden  coalescence  of  gas  bubbles  at  a  depth  corresponding  to  the 
projected range of the ions, and the blister diameter (db) is proportional (not equal) to Rα.  
     Table 5.2.2.  Ellipsoidal Loops and Blisters 
Ellipsoidal Loops 
Rad Dose   Areal Density     Mean long diameter   Mean short diameter   
  [kGy]  [cm
-2]  [nm]  [nm] 
α + ff  <5.277 
5.277 
n/a 
(3.1±0.3)x10
6 
n/a 
1900± 141 
n/a 
490± 32 
α  All  n/a  n/a  n/a  
Blisters 
Rad Dose  Mean  
height   
(d)    Diameter    (R α)  Ratio 
d/Rα  Mean   Projected 
  [kGy]  [nm]  [nm]  [10
3 nm] 
α + ff  4.473  300±20  1700±78  28.35   0.06 
α  1.320  102±15  933±22  12.2   0.77 
 
Interestingly, the radiation damage caused by low energetic alpha particles (3.32 MeV) was 
very “soft” and limited to “wavy bumps” or “waves” that were the predominant defects on the 
aluminum  microsurface  at  low  fluences,  and  no  obvious  dislocation  loops  and  lines  in  the 
microstructures were observed for all applied irradiation doses. The first voids (Table 5.2.1) in 
AFM images were seen at the dose 1.562 kGy (1.26 x 10
10 α/cm
2), and single blisters were 
observed already at 300 Gy (at 1.322 kGy).  
5.2.6. XRD ANALYSIS 
It has been recognized for a long time that structural and electronic properties in thin metal films 
are often intimately correlated. An understanding of this relationship is important in elucidating 
many phenomena. Irradiation of thin aluminum films with both alpha particles and a mix (alpha + 
ff) has been found to influence crystallographic orientation.  A comparison of XRD patterns, as 
shown in Figure 5.2.5, indicates that the (111) peak at 2θ of 38.2
o decreased drastically after 
irradiation with both alpha particles and a mix (alpha and ff). 55 
 
a) 
 
b) 
 
c) 
 
d) 
 
Figure 5.2.5. The XRD pattern of Thin Aluminum Film (a) non-irradiated (b) 1.32 kGy (c) 2.541 kGy   
                     (d) 5.661 kGy  
 
An indication of preferential film orientation was obtained by comparing the integrated intensities 
of the (111) and (200) diffraction peaks. Such a comparison for irradiation with alpha particles 
and a mix (alpha and fission fragments) is shown in Figure 5.2.5 as a function of doses. The ratio 
of (200) to (111) diffraction intensity was increased by almost 8- to 11-orders of magnitude 
compared to a non-irradiated foil. Figure 5.2.5(a) shows a texture analysis of the thin aluminum 
film samples (0.54 mg/cm
2) by XRD which reveal a strong (111)-texture of material. In addition, 
by increasing alpha dose to 5.277 kGy, (311) peak orientation is lower than (222) peak 
orientation. This means that the top surface of thin aluminum sample is being amorphized 56 
 
although is not completely amorphized since the peaks are still remain narrow and there is no 
evident to broad.    
 
5.3. Irradiation of Ti foils with 136 MeV 
136Xe
+26        
5.3.0. Characterization of Non-Irradiated (Pristine) Ti Foil 
 
The polycrystalline structure of pristine Ti foil showed twelve known diffraction peaks (Figure 
5.3.0).  The  eight  peaks  were  matched  with  the  data  base  of  the  International  Centre  for 
Diffraction Data – Powder Diffraction File (ICDD-PDF) with PDF Card No. of 03-065-9622 as a 
hexagonal close-packed (hcp), known as α-Ti, with lattice parameters a = 2.9500 Å  and c = 
4.6860 Å (c/a = 1.5885). The other four peaks were matched with PDF Card No. of 01-088-2321 
as a face-centered cubic (fcc)-Ti phase with lattice parameters a = b = c = 4.0600 Å and α = β = γ 
= 90
o. 
 
Figure 5.3.0. XRD pattern of non-irradiated (pristine) titanium foil  
 
In this experiment the polycrystalline titanium foil (thickness 0.904 mg/cm
2) before irradiation 
consists of 64% of fcc-Ti and 36% hcp-Ti phase at ambient temperature.  The measured lattice 
parameter of the fcc-titanium phase before irradiation was to be 4.0640 Å; meanwhile the lattice 
parameter of hcp-Ti phase was a = 2.9505 Å and c= 4.6826 Å (c/a = 1.5871).  57 
 
5.3.1. Morphology of the irradiated Ti surfaces 
 
5.3.1.1. SEM micrographs and EDX analysis 
 
When 136 MeV 
136Xe
26+ ions strike the Ti foils, they create microstructural damage due to high 
electronic loss. The formation of cavities, blisters, hillocks, dislocation loops, dislocation lines, 
craters and ridges as well as polygonal ridge networks has been observed by AFM. A comparison 
of  the  dose  and  energy  deposited  in  titanium  samples  aids  in  the  understanding  of  the 
microstructure seen in the sequentially radiation damage.  
 
Figure 5.3.1 illustrates the SEM micrographs of irradiated Ti foils at energy of 136MeV 
136Xe
26+ 
with  a  fluence  of  2.2x10
15  cm
-2.  The  SEM  images  showed  non-uniform  distribution  circular 
features in the Ti surface (Figure 5.3.1.a). A typical micro-porous feature and worn surface at 
micro-scale at a higher magnification is shown in Figure 5.3.1b which was obtained by focusing 
on the selected circular in the middle part of Figure 5.3.1a. The size of circular features was about 
(17ﾱ2) μm in diameter which is bigger than that of the projectile range of Xe in the Ti foil as 
calculated by SRIM2008 (10.6μm). The micro-porous feature as shown in Figure 5.3.1.c shows 
an amorphization of polycrystalline Ti.  
 
The Ti foils were irradiated with 2.2x10
15 cm
-2 136 MeV 
136Xe
26+ in a vacuum (7.7x10
-7 Torr) at 
the beam current intensity of 3 pnA, and no oxidation of Ti foils was observed, although the 
target temperature of 996
oC was estimated for this beam intensity.  The elemental composition 
was clearly confirmed by the EDS spectrum producing only the Ti peaks (Fig. 5.3.1.d).  Phase 
transformations  occurring  in  the  Ti  foil  during  irradiation  will  be  explained  later  by  XRD 
analyses.  
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a) 
 
b) 
 
c) 
 
d) 
 
Figure 5.3.1 SEM micrograph of Ti foil after irradiation with a dose of 2.2x10
15 cm
-2 136MeV 
136Xe
26+ 
 
5.3.1.2. AFM micrograph and Radiation Damage analysis 
 
The examination of a stack of irradiated titanium foils allowed us to study the micro-damage 
evolution in the electronic and nuclear stopping regimes. The AFM images of these irradiated 
samples at different doses and energies are shown in Figure 5.3.2. Figures 5.3.2(a), (e) and (i) 59 
 
showed the microstructure damage of Ti foils irradiated with 136MeV 
136Xe
26+ to the fluences of 
1.8x10
14cm
-2,  5.4x10
14cm
-2  and  2.2x10
15cm
-2,  respectively.  All  the  images  were  scanned  at 
2.5x2.5 μm
2 areas. 
 
a.136MeV Xe;1.8x10
14cm
-2 
 
b. 93MeVXe;1.8x10
14cm
-2 
 
c. 53MeVXe;1.8x10
14cm
-2
 
d. 23MeV Xe;1.8x10
14cm
-2 
 
e.136MeV Xe;5.4x10
14cm
-2 
 
f. 93MeVXe;5.4x10
14cm
-2 
 
g. 53MeVXe;5.4x10
14cm
-2 
 
h. 23MeV Xe; 5.4x10
14cm
-2 
 
i. 136MeV Xe;2.2x10
15cm
-2 
 
j. 93MeVXe;2.2x10
15cm
-2 
 
k. 53MeVXe;2.2x10
15cm
-2  
 
l. 23MeVXe; 2.2x10
15cm
-2  
 
Figure 5.3.2. AFM images of Ti films irradiated with different doses and energies.     
 
Through a comparison of AFM images (Figure 5.3.2) at different fluences (1.8 x 10
14, 5.4 x 10
14 
and 2.2 x 10
15 cm
-2) and ion energies (136, 93, 53, 23 MeV), the surface features look very 
complex.  Since  microstructural  morphologies  of  irradiated  titanium  foils  possess  different 
features, they should be treated in two different ways i.e. radiation damage as a function of the 
dose and radiation damage as a function of the energy. 
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5.3.1.3. Radiation Damage as a function of the dose 
 
Similar to another study [Watson et al, 2004], the irradiation seems to have caused a large-scale 
wrinkling of the surface. During 132MeV 
132Xe
+29 irradiations, the voids were first observed in 
the titanium foil after irradiation to the fluence of 1.2x 10
13 ions/cm
2 and they became more 
intense with increasing fluence, reflecting the increasing microdamage density [Sadi et al 2011b]. 
There are five different types of defects produced in the titanium surface after irradiation with 
136 MeV 
136Xe
+26 with different fluences. Those defects are hillocks, voids, polygonal ridge 
networks,  dislocation  lines  and  dislocation  networks.  The  microdamage  characterization  is 
tabulated in the Table 5.3.1.1 
 
5.3.1.3.1. Hillocks 
 
During our earlier investigations, irradiation with 132 MeV 
132Xe
+29 and fluence up to 9.0x 10
13 
ions/cm
2, the hillocks in the titanium foils were not observed yet [Sadi et al., 2011b]. Figure 5.3.3 
shows the two- and three-dimensional AFM image of the titanium foils after irradiation with 136 
MeV 
136Xe
+26 with different fluences. In the fluence range investigated, 1.8x10
14 cm
-2 to 2.2x10
15 
cm
-2, the hillocks were clearly observed in all the irradiated samples and they were distributed 
inhomogeneously in appearance on the surfaces of samples. All hillock features can be seen by 
AFM at scan size of 15x15 μm
2. 
 
The hillocks are formed when material flows out of the region of the ion track during the hot 
stage of the track formation process (Krauser et al., 2003). Hillock formation is thought to be a 
result of interplay among surface movement of atoms and the effects of sputtering [Wehner, 
1983].  
 
Figures  5.3.3-(a,e)  are  the  uncoated  titanium  surface  prior  irradiation  showing  clear  damage 
surface.  After irradiation with 1.8x10
14 cm
-2 136 MeV 
136Xe
+26, as shown in Figure 5.3.3.(b), 
hillock formation was clearly observed in the irradiated titanium surface. Hillock density was 
(8.59±0.13).10
6 cm
-2 and the mean diameter and mean height of the hillocks were (324±2) nm 
and (32±1) nm, respectively. As shown in 5.3.3.(b), nanosized hillocks were inhomogeneous in 
appearance on the surfaces of the sample. By increasing the fluence to 5.4x10
14 cm
-2 the density 61 
 
of hillocks grew from (8.59±0.13).10
6 cm
-2 to (1.60±0.27).10
7 cm
-2 and the mean diameter and 
mean  height  of  hillocks  were  (364±63)  nm  and  (27±2)  nm,  respectively.  By  increasing  the 
fluence  to  2.2x10
15  cm
-2,  however,  the areal  density,  mean  diameter and  mean  height  of  the 
hillocks decreased. The number of hillocks created on the titanium surface was (6.81±0.24).10
6; 
meanwhile, the diameter and height of hillocks were (210±20) nm and (20±2) nm, respectively. 
 
a. pristine 
 
b. 
 
c. 
 
d. 
 
 
e. 
 
f. 
 
g. 
 
h. 
 
Figure 5.3.3. Two- and three-dimensional AFM images of Ti films irradiated with 136eV Xe
 to a fleuenec   
                      of: (a,e) pristine, (b,f)1.8x10
14cm
-2, (c,g) 5.4x10
14cm
-2, (d,h) 2.2x10
15cm
-2  at scan size of  
                      15x15 μm
2    
 
For comparison, the hillock sizes formed in the titanium foils are larger than the hillocks formed 
in the TiO2 foils. Thakurdesai et al. (2008) have observed nano-hillocks (20-80 nm in diameter 
and 4.2 nm in height) when TiO2 films were irradiated with 10
13 cm
-2100 MeV Ag. In addition, 
when the Ti foils were irradiated with 130MeV 
132Xe ion with a fluence up to 4.9x10
14 cm
-2, the 
hillocks were not observed yet [Budzynski et al., 2009]. However, Budzynski and co-workers 
(2009) found the hillocks on the Ti foils when the Ti foils were irradiated with 10
14 Kr/cm
2. 
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5.3.1.3.2. Voids  
 
The voids in the irradiated titanium foils were observed at all the radiation doses. Typical AFM 
micrographs of void evolution in the surface of irradiated titanium foils after irradiation with 136 
MeV 
136Xe
+26 are shown in Figures 5.3.2.(a, e, i). Such large doses lead to the largest size of voids 
observed in this experiment. After irradiations with 1.8x10
14 cm
-2 136 MeV 
136Xe
+26, the voids in 
the irradiated Ti foils had a density of (1.18±0.23).10
9 voids/cm
2 with a mean diameter and mean 
depth of (70±2) nm and (5±1) nm, respectively. Such large doses lead to the increase in the 
density  of  voids  significantly  observed  in  this  experiment,  although  their  size  only  slightly 
increased (Figure 5.3.2, Table 5.3.1.1). By increasing the dose to 5.4x10
14 cm
-2, the density of 
voids grew from (1.18±0.23).10
9 voids/cm
2 to (2.72±0.14).10
9 voids/cm
2 with the mean diameter 
and mean depth were (99±4) nm and (7±1) nm, respectively. 
 
Growth of voids may have been restricted by formations of dislocation lines and dislocation 
networks. The dislocations function as a sink to absorb the point defects or voids. By increasing 
the fluence up to 2.2x10
15 cm
-2, the density of voids grew to (3.88±0.48).10
9 voids/cm
2, although 
their mean sizes were not significantly increased.  Similar to the case of neutron-irradiated Al 
foils [King et al., 1970]; irregularly shaped voids were also observed in this study which probably 
resulted from collisions between voids. 
 
5.3.1.3.3. Dislocations Lines, Dislocation Networks and Polygonal ridge networks 
 
An interesting phenomenon after irradiation with 5.4x10
14 cm
-2 136MeV 
136Xe
26+ is that the AFM 
examinations showed significant changes in the titanium surface. The micro-damage morphology 
study of the irradiated Ti samples by AFM has shown that continuous defects have developed to 
polygonal  ridge  networks.  The  formation  polygonal  ridge  networks  also  occurred  under  the 
surface at the depth of 4 μm corresponding to the electronic energy loss, 33.32 MeV/(mg/cm
2) or 
Se (15keV/nm). Figure 5.3.4 represents the micrograph of titanium surface after irradiation with 
5.4x10
14 cm
-2136 MeV 
136Xe
26+. By increasing the dose, the density of polygonal ridge networks 
is expected to increase as interactions increase between projectiles and the titanium atoms. By 
increasing the dose up to 2.2x10
15cm
-2, however, no obvious polygonal ridge networks were 
observed. Moreover, this polygonal ridge appears at the depth of 6 μm under the surface.   63 
 
From Figures 5.3.4(a,b), it can be seen that the polygonal ridge formations may subsequently 
cause  abrasive  wear  of  the  titanium  surface.  Figure  5.3.4c  shows  the  cross  sections  of  the 
polygonal ridge network developed on titanium surface upon irradiation with 136 MeV 
136Xe
26 at 
a fluence of 5.4x10
14 cm
-2. The polygonal ridge network was viewed at 45
o to its surface profiles, 
and a line was drawn along the ridge. The density of polygonal ridge networks is (4.5±0.5) x 10
6 
cm
-2.   Meanwhile, the mean width and height of polygonal ridge networks are (303±8) nm and 
(38±5) nm, respectively. Each side of polygonal ridge networks has the length of (2.5ﾱ0.5) μm.  
a 
 
b 
 
Figure 5.3.4. Two- and three-dimensional AFM images of polygonal ridge networks and cross 
                      section line after irradiation with 5.4x10
14 cm
-2136MeV 
136Xe
26+. 
 
                      
Figure 5.3.5. 2D (left) and 3D (right) AFM image of voids and dislocation lines at the scan size     
of 2.5x2.5 μm
2 after irradiation with 5.4x10
14 cm
-2 53.6 MeV 
136Xe
+26 
 
Figure 5.3.5 shows the two- and three- dimensional AFM micrographs of voids and dislocation 
lines formed in Ti after irradiation with 5.4x10
14 cm
-2 136MeV 
136Xe
+26. A closer measurement of 64 
 
the microstructure void evolution performed by AFM revealed that the voids have a tendency to 
line up which seems to be related to the dislocation lines and dislocation networks. 
 
The highly damaged foil observed in this Figure is followed by formations of hills and craters. 
The shallow interface is no longer sharp and shows high density of small voids. The deep void 
cluster lines are oriented in a direction parallel to the sample surface with some appearing to 
consist of aligned of hillocks. These features show very interesting configurations of formation 
dislocation lines in titanium foils that can be used to explore void agglomeration. Another typical 
feature of surface morphology due to voids formation is shown in Figure 5.3.6. 
 
 
Fig 5.3.6. Three-dimension AFM image of surface morphology  after irradiation    
with 1.8x10
14 cm
-2 53.6 MeV 
136Xe
+26 (can size = 2.5x2.5 μm
2) 
 
As pointed out by Zinkle (1989), the dislocation networks observed in this study suggest an 
explanation  for  the  resistance  of  titanium  to  amorphization  during  elevated  temperature 
irradiation. These results have been demonstrated by XRD analysis showing no broad peaks in 
the spectra of irradiated Ti foils. 
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5.3.1.3.4  Void swelling as a function of dose 
 
In general, as shown in Table 5.3.1.1, the density, diameter and depth of voids increased by 
increasing the fluence. Since void swelling depends on the void concentration and its size, the 
swelling will increase by increasing the fluence. At a given energy, the mean diameter is seen to 
increase by increasing the fluence. 
 
In this case, the degree of swelling produced on the surface after irradiation with 1.8x10
14 cm
-2, 
5.4x10
14 cm
-2, 2.2x10
15 cm
-2 136MeV 
136Xe
26+ was calculated to be approximately 2.09±0.72%, 
7.17±0.36% and 12.2±0.45% respectively.  
 
5.3.1.4. Radiation Damage as a function of the depth (Energy-Dependence) 
 
Similar to Zinkle’s experiment which studied microstructural damage by simultaneous irradiation 
with three different ion beams (1989), our results showed that in comparisons between the surface 
and  the  midrange  area  close  to  the  peak  damage,  we  have  not  found  any  very  significant 
microstructural differences. This is probably due to random collision.  In this study, the dominant 
microstructural features at the highest dose associated with the inelastic collision were voids, 
dislocations networks and dislocation lines as shown in Figures 5.3.2.(i, j, k, and l). The general 
depth-dependent microstructure of the irradiated titanium foils has been shown in Figure 5.3.2. 
Moreover, the comprehensive analyses of each irradiated foil are tabulated in Table 5.3.1.1 to 
Table 5.3.1.4.  
 
Table 5.3.1.1 Voids 
Fluence 
(cm
-2) 
density (voids/cm
2) 
136 MeV  92.5 MeV  53.6 MeV  23.4 MeV 
1.80x10
14  (1.18±0.23).10
9  (5.12±0.15).10
8  (3.84±0.21).10
8  (4.96±0.47).10
8 
5.40x10
14  (2.72±0.14).10
9  (1.54±0.09).10
9  (2.88±0.32).10
8  (1.44±0.38).10
8 
2.20x10
15  (3.88±0.48).10
9  (1.67±0.4).10
9  (1.78±0.15).10
6  (2.43±0.64).10
8 
  diameter (nm) 
1.80x10
14  70±2  38±3  79±2  48±9 
5.40x10
14  99±4  71±5  67±8  91±13 
2.20x10
15  106±3  263±9  535±7  98±31 
  depth (nm) 
1.80x10
14  5±1  2.7±0.3  6±2  4±1 
5.40x10
14  7±1  7.4±2.0  6±1  4±1 
2.20x10
15  10±2  14±3  22±5  9±3 66 
 
Table 5.3.1.2 Hillocks 
Fluence 
(cm
-2) 
Density (hillocks/cm
2) 
136 MeV  92.5 MeV  53.6 MeV  23.4 MeV 
1.80x10
14  (8.59±0.13).10
6  (2.24±0.19).10
8  (1.92±0.07).10
8  (2.24±0.63).10
8 
5.40x10
14  (1.60±0.21).10
7  (1.60±0.08).10
7  (1.12±0.03).10
8  (8.89±1.54).10
5 
2.20x10
15  (6.81±0.24).10
6  (2.44±0.02).10
7  (1.33±0.19).10
6  (1.33±0.07).10
6 
  Diameter (nm) 
1.80x10
14  324±2  90±1  89±9  71±7 
5.40x10
14  364±63  83±5  71±9  283±58 
2.20x10
15  210±20  330±55  416±40  363±73 
  Height (nm) 
1.80x10
14  32±1  17±3  14±5  15±4 
5.40x10
14  27±2  15±1  10±3  16±2 
2.20x10
15  15±2  24±11  45±12  24±2 
Table 5.3.1.3 Dislocation Lines 
Fluence 
(cm
-2) 
Density (lines.cm
-2) 
136 MeV  92.5 MeV  53.6 MeV  23.4 MeV 
1.80x10
14  (3.20±0.08).10
7  (3.20±0.93).10
8  (5.12±0.39).10
8  (5.44±0.72).10
8 
5.40x10
14  (2.72±0.02).10
8  (2.88±0.47).10
8  (8.00±0.21).10
8  (1.12±0.04).10
8 
2.20x10
15  (3.16±0.04).10
8  (3.11±0.06).10
6  n/a  (6.00±0.83).10
7 
  Width (nm) 
1.80x10
14  217±46  32±6  28±3  25±5 
5.40x10
14  70±2  38±3  29±1  73±10 
2.20x10
15  52±8  29±6  n/a  54±17 
  Depth (nm) 
1.80x10
14  11±3  6±  3±0.7  3±1 
5.40x10
14  6±1  4±1  3±0.3  3±1 
2.20x10
15  4±1  5±1  n/a  8±2 
  Length (nm) 
1.80x10
14  2274±542  374±156  400±147  273±117 
5.40x10
14  437±11  314±1  3695±729  1161±247 
2.20x10
15  316±23  2718±127  n/a  400±43 
Table 5.3.1.4 Dislocation Networks and Polygonal Ridge Networks and Blisters 
Energy 
[MeV] 
Fluence 
[cm
-2] 
Dislocation Networks  Areal Density 
[cm
-2]  Width [nm]  Depth [nm]  Length [nm] 
136  2.2x10
15  20±7  3±1  800±47  (5.12±0.35).10
8 
23.4  2.2x10
15  30±1  3±1  970±509  (8.00±0.84).10
7 
 
Energy 
[MeV] 
Fluence 
[cm
-2] 
Polygonal Ridge Networks  Areal Density 
[cm
-2]  Width [nm]  Height [nm]  Length [nm] 
136  5.4x10
14  303±8  38±5  2.50±0.50  (4.50±0.50).10
6 
23.4  2.2x10
15  367±21  7.7±2.0  2.75±0.35  (8.89±0.70).10
6 
 
Energy 
[MeV] 
Fluence 
[cm
-2] 
Blister  Areal Density 
[cm
-2]  Width [nm]  Height [nm] 
136  1.8x10
14  781± 32  110± 3  (4.44±0.25).10
5 
136  5.4x10
14  1976± 54  175± 5  (8.89±0.33).10
5 
136  2.2x10
15  N/A  N/A  N/A 
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5.3.1.4.1 Voids as a function of energy irradiation 
 
In this study, depth profile analyses of the microstructural damage and the lattice parameters in 
irradiated titanium foils were performed from a stack of Ti samples using 2 μm depth intervals. 
Four depths (0, 2, 4, and 6 μm) were used to study void profiles as shown in Figure 5.3.1.4-1. 
Figures 5.3.2(j), (k) and (l) show the titanium foil morphology with a region of samples under the 
surface at a depth of 2, 4 and 6 µm corresponding to energy of 92.5, 53.6 and 23.4 MeV 
136Xe
26+ 
respectively  with  a  fluence  of  2.2x10
15  cm
-2.  The  measured  void  density  behavior  of  each 
irradiated titanium foil as a function of the depth at different fluences is shown in  
Figure 5.3.1.4-1. 
 
 
 
Figure 5.3.1.4-1 Void density and void diameter as a function of the   
                            material depth 
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The void density decreased by increasing the depth for the fluence of 1.8x10
14 cm
-2 and 5.4x10
14 
cm
-2.    For  a  dose  of  2.20x10
15  cm
-2,  however,  at  4  μm  below  the  surface  the  void  density 
decreased  from  (3.88±0.48).10
9  to (1.33±0.15).10
6  and  then  drastically  increased  again at  the 
depth of 6 μm with the density of (2.43±0.64).10
8. Although the density increased but the void 
diameter is much smaller than that of the void diameter from the surface producing low void 
swelling. After irradiation with 2.20x10
15 cm
-2 53.6 MeV at the depth of 4 μm, the void density 
has  the  lowest  value. The  possibility  arose  that  at this  peak  the  damage  feature  was  merely 
polygonal ridge networks (Figure 5.3.1.4-4) which has less voids but has the highest diameter. As 
shown in Figure 5.3.1.4-4b, some huge voids were seen in the interior of polygonal ridge giving 
low density and low swelling values. It should be noted that that the void density at the surface is 
obviously  large  which  indicates  that  the  surface  represents  a  preferential  site  for  damage 
accumulation. 
 
5.3.1.4.2 Hillock 
 
Figure 5.3.1.4-2 shows the hillock density and diameter as a function of the depths at various 
fluences. The void density of samples irradiated with the fluence of 5.4x10
14 cm
-2 and 2.2x10
15 
cm
-2  monotonically  increased  until  the  depth  of  4  μm  below  the  surface.  The  void  density, 
however, decreased again at the depth of 6 μm. 
   
Figure 5.3.1.4-2 Depth-dependence of hillock density and diameter at various fluences 
 
Figure 5.3.1.4-2 (right) indicates that all samples located below the surface (depth 2 to 6 mm) with 
the fluence ≤ 2.2x10
15 cm
-2 have diameter hillocks ≤ 350 nm.  The possibility arose that for 
higher dose irradiation these small hillocks tend to form a cluster of hillocks producing a huge 69 
 
hillock. This mechanism can be seen from micrograph hillock evolution at different doses as 
shown in Figure 5.3.1.4-3 below: 
 
 
 
 
 
 
Figure 5.3.1.4-3 Coalescent of hillock to form a huge hillock.  
 
It can be concluded that for the highest fluence, lowering energy causes the hillock sizes become 
noticeably larger in both diameter and height. 
 
5.3.1.4.3 Dislocations as a function of the depth 
 
The irradiations of the titanium foils with 136MeV 
136Xe
26+ resulted in many dislocation lines, 
dislocation networks and dislocation polygonal ridge networks. The second dislocation polygonal 
ridge  networks  in  the  irradiated  titanium  were  observed  after  irradiation  with  2.2x10
15cm
-2 
53MeV 
136Xe
26+. Such large doses lead to the largest size of polygonal ridge networks observed in 
this experiment, and although their density significantly decreased, the density of dislocation 
loops grew up from (4.5 ± 0.5).10
6 to (8.89±0.7).10
6 cm
-2. The mean height and mean width of 
polygonal ridge networks were (7.7 ± 1.8) nm and (367 ± 21) nm, respectively. These dislocation 
polygonal  ridge  networks  probably  migrate  from  the  surface  to  the  depth  of  4  μm.  The 
quantitative data analysis is shown in Table 5.3.1.3 and Table 5.3.1.4. 
 
5.3.1.4.4. Void swelling as a function of the depth 
 
Comparing of radiation damage at the depth profiles, irradiated samples as shown in Figure 5.3.2. 
(i), (j), (k) and (l) have different features. Figure 5.3.1.4.5 shows the void swelling of the titanium 
as a function of the depths at different fluences. At the highest dose, the void swelling decreased 70 
 
by increasing the depth which related to the decreasing energy. In general, at a given energy or at 
a given the depth of material, the mean diameter is seen to increase by increasing the dose.   
 
a 
 
b
 
Figure 5.3.1.4-4. 2D AFM image of Polygonal ridge networks created by (a) 5.4x10
14cm
-2 136   
                          MeV 
136Xe
26+, (b) 2.2x10
15cm
-2 53 MeV 
136Xe
26+ 
 
 
Figure 5.3.1.4-5 Void swelling of the titanium as a function of the depths at different fluences. 
5.3.1.5. Surface Roughness of irradiated Ti foils 71 
 
 
The root mean square (rms) surface roughness in the surface of irradiated titanium films as a 
function of fluence is shown Figure 5.3.1.5-1. This Figure indicates that under irradiation at 
energy of 136 MeV 
136Xe
+26, the Ti foils tend to smooth.    
 
 
Figure 5.3.1.5-1. Surface roughness of the titanium as a function of fluence  
 
Figure 5.3.1.5-2 shows the root mean square (rms) surface roughness of irradiated titanium films 
as a function of the depth profiles. This Figure shows that the rms surface roughness of the 
titanium surface slightly decreased by increasing the fluence. After irradiation with 1.8 x10
14,  
5.4x10
14 cm
-2 and 2.2x10
15 cm
-2 136 MeV 
136Xe
+26 the rms values of the titanium foils were 
16.96±0.72,  16.50±0.36,  15.64±0.42  nm,  respectively.  Meanwhile  during  irradiation  with 
2.2x10
15  cm
-2  136  MeV 
136Xe
+26  the  rms  profile  (Figure  5.3.1.5-2)  indicates  that  the  surface 
exhibits almost a stationary roughness along the depth of the sample (in this case from 0 to 6 μm 
in depth).   Irradiation of the titanium foils with both 1.8 x10
14 and 5.4x10
14 cm
-2 136 MeV 
136Xe
+26, on the other hand, the rms along the depth of the irradiated titanium samples decreased 
monotonically. Those phenomena indicate that irradiation of the titanium foils with 136 MeV 
136Xe
+26 produces a variety of surface features may result in instability of the surface materials. 
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Figure 5.3.1.5-2. The root mean square (rms) surface roughness of irradiated titanium films as a  
                           function of the depth profiles. 
 
5.3.1.6. Phase stability 
 
When a crystalline material such as titanium is subjected to Xe ion bombardment at high dose, 
lattice damage can be introduced ranging from point defect disorder, voids, dislocation lines, 
dislocation networks and polygonal ridge networks, to complete lattice breakdown and new phase 
formation. 
 
Titanium undergoes an allotropic phase transformation at 882.5 °C, changing from a closed-
packed hexagonal crystal structure (α-phase) to a body-centered cubic crystal structure (β- phase) 
above this temperature [Lutjering, 2007]. In contrast to the Ti phase diagram, the fcc-Ti phase 
which exists in the thin metallic titanium has been found at ambient temperatures [Vullum et al., 
2009]. In addition, phase transformation from hcp to fcc in the titanium has been observed during 
thinning the cross-section of the multilayer Ti–Al, Ti–Ni, and Ti–Ag films caused by ion beams 
auch as by due to Ar
+ ion-beam whether with or without liquid nitrogen cooling [Josell et al., 
1995; Tepper et al., 1997; Zhang and Ying, 2001]. 
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5.3.1.6.1. Phase transformation 
 
When  the  titanium  foils  were  irradiated  with  136MeV 
136Xe
+26  at  beam  intensity  of  3  pnA 
corresponding to 966
oC, it was expected that their structure can change from hexagonal-close 
packed (hcp) to body-centered cubic (bcc). In contrast to expected results, our results show that 
after  titanium  samples  were  irradiated  with  1.8x10
14,    5.4x10
14,  and  2.2x10
15  cm
-2  136MeV 
136Xe
+26, the X-ray diffractions confirm that no alpha-Ti (hcp) phase was observed in the samples 
and merely the fcc-Ti phases were observed.  
 
Figure 5.3.1.6.1 shows the XRD patterns of Ti foils before and after irradiation with 136 MeV 
136Xe
+26 at different fluences. The crystallite size and strain as a function of irradiation fluence is 
tabulated in the Table 5.3.1.6.1. As can be seen in the Figure 5.3.1.6.1, the relative intensities of 
lines  (100)  and (002)  at  the  surface  titanium  were  altered  by  increasing  the  irradiation  dose 
indicating  that  the  heavy  ion  irradiation  induced  a  change  in  crystal  orientation.  The  most 
prominent peaks of FCC phase were obtained at 2θ ∼ 38.3, 44.5, 64.8, 77.9 and 82.1 in all the 
irradiated cases as shown in Figure 5.3.1.6-1. 
 
This phenomenon indicates that during irradiation with high energy and elevated temperature, the 
fcc-Ti phase more stable than the hcp-Ti Phase. This also is probably caused due to decreasing 
the crystallites size of the irradiated titanium foils which is in good agreement with Xiong et al 
(2011)  who  studied  size-  and  temperature-induced  phase  transformations  of  titanium 
nanoparticles.  
 
Figure 5.3.1.6.2 shows a comparison of XRD pattern of non-irradiated and irradiated Ti samples 
at  different  doses.  The  shrinking  of  (002)  peak  at  2θ  of  38.4
o  in  the  hexagonal  phase  and 
increasing (220) peak at 2θ of 64.9
o indicate that the transformation from α-Ti (hexagonal) phase 
to fcc-Ti phase occurred (Figure 5.3.1.6-2).  Reduction in crystallite sizes from 59.1 nm to 20.5 
causes narrowing of peak (220) (Table 5.3.1.6-1). 
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Figure 5.3.1.6-1. XRD pattern of pristine and irradiated Ti foils by 136 MeV Xe
+26 at the fluence  
                             of (a) 0; (b) 1.8x10
14; (c) 5.4x10
14; and (d) 2.2x10
15 cm
-2.    
 
Hexagonal (002) peak  
 
Cubic (220) 
 
Figure 5.3.1.6-2 The peak intensity profiles in the hexagonal and cubic phase as a function of  
                         dose irradiation. 
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Percentage crystallinity of the samples was determined by area ratio method. In this method, the 
areas of amorphous and crystalline parts of the pattern were calculated [Kavlak et al 2003]. The 
average crystallite size and % crystallinity of the pristine and irradiated samples are tabulated in 
Table 5.3.1.6-2. Irradiation induces large amount of energy deposition in the material and leads to 
decrease in crystallite size of titanium which may be attributed to splitting of crystalline grains. 
The crystallite size was calculated before and after irradiation using Scherrer’s formula [Cullity 
and Stock, 2001], 
b = Kλ/L cos θ, 
where b is FWHM in radians, k the wavelength of X-ray beam (1.5418 Å), L the crystallite size in 
Å, K a constant which varies from 0·89 to 1·39, but for most of the cases it is close to 1.  
Table 5.3.1.6-1. The dose dependence of the crystallite sizes (L) and the lattice distortions (ε) of   
                           irradiated titanium 
Fluence 
(ions/cm
2) 
Williamson–Hall  Crystallinity  
      (%)  D (nm)  ε (%) 
Non-irradiated 
1.8x10
14 
5.4x10
14 
2.2x10
15 
59.1 
33.2 
26.3 
20.5 
0.09 
0.11 
0.17 
0.20 
100.00 
98.23 
97.05 
96.16 
 
5.3.1.6.2. Interpretation of BCC and FCC phase from the X-ray Diffraction Data  
 
From simple geometry, the analysis of x-ray diffraction data for cubic unit cells can be simplified 
by equation: 
2 2 2 hkl
a
d
h k l

 
where   dhkl = interplanar spacing between parallel closest planes with Miller indices h, k, and l 
a = lattice constant (edge of unit cube) 
h, k, l = Miller indices of cubic planes being considered with the Bragg equation λ = 2d sin θ, giving 76 
 
2 2 2
2 a sin θ
λ=   
h +k +l
 
This equation can be used along with x-ray diffraction data to determine if a cubic crystal structure is 
body-centered or face-centered cubic. X-ray diffractionof the irradiated Ti by 136 MeV Xe to the 
fluence of 2.2x10
15 Xe/cm
2 is tabulated in Table 4-2. 
 
Table 5.3.1.6-2. XRD lines of the irradiated Ti by 136 MeV Xe to the fluence of 2.2x10
15 Xe/cm
2. 
Peak  
No. 
2θ 
(degree) 
(h k l)  d (Å)  (h
2+k
2+l
2)  2 Sin θ  2
111
2
200
Sin θ
Sin θ
 
lattice 
constant, 
a(Å)  
1 
2 
3 
4 
5 
38.29 
44.52 
64.83 
77.91 
82.09 
(1 1 1) 
(2 0 0) 
(2 2 0) 
(3 1 1) 
(2 2 2) 
2.349 
2.034 
1.437 
1.225 
1.173 
3 
4 
8 
11 
12 
0.108 
0.143 
0.287 
0.395 
0.431 
0.749 
 
4.0686 
4.0670 
4.0643 
4.0636 
4.0634 
 
For the FCC crystal structure the fir st two sets of principal diffracting planes are the (111) and 
(200) planes. The ratio of the sin
2θ values of the first and second angles is: 
2
111
2
200
Sin θ 0.108
0.749
Sin θ 0.143
  
Therefore, crystal structure of irradiated Ti foil is FCC since this ratio is ~0.75. If the ratio had 
been 0.5, the structure would have been BCC. Plot of ratio sin
2θ at various peaks is shown in  
Figure 5.3.1.6-3. 
The lattice constant can be calculated as: 
2 2 2 2 2 2
22
λ h +k +l 1.54nm 1 +1 +1
a=   =   =  4.0654
2 sin θ 2 sin 14
 
Thus, the lattice constant of the irradiated Ti foils is 4.0654 ± 0.0023 Å. This lattice constant of 
irradiated Ti foils is very close to the lattice constant of aluminum (a = 0.405 nm). 77 
 
The peak height of (2 2 0) at 64.91
o (identified as fcc-Ti phase) grows steadily with increasing the 
fluence. On the other hand, the peak height of (0 0 2) at 38.37
o (identified as hcp-Ti phase) 
decreases with increasing the fluence.  
  
Figure 5.3.1.6-3 Ratio sin
2θ at various peaks in the irradiated Ti surfaces 
 
The values of the crystallite sizes (D) and the lattice distortions (ε) of non-irradiated titanium 
were 59 nm and 0.09%, respectively. The appearance of sharp peak in XRD patterns indicates 
high crystalline. Although the peak slightly broadened and its intensity decreased, no significant 
changes in the peak positions were observed; hence, the irradiated Ti remains crystalline. 
 
5.3.1.6.3. The depth profile of the lattice disorder  
 
Although various radiation damage microstructures in the titanium foils have been observed by 
numerous  authors  at  different  ion  bombardments,  doses  and  energies,  so  far  this  Ti-phase 
transformation phenomenon at high irradiation temperature has a little attention reported by some 
authors. The depth profile of the lattice disorder resulting from the 136MeV 
136Xe
+26 irradiation of 
titanium foils (0.904 mg/cm
2) is of interest in advanced nuclear materials especially for fusion 
reactor research projects. While the phase diagram theory of Ti shows that when Ti is annealed to 
966
oC, bcc-Ti phase could be created (Lutjering et al., 2007); however, due to effect of ion 
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bombardment of 136MeV 
136Xe
+26, anomal phenomena was altered: the fcc-Ti phase was created 
at the beam intensity of 3 pnA corresponding to 966
oC at the surface target material and 300
oC in 
the peak damage at the depth of 10 µm.   
 
 
Figure 5.3.1.6-4 Depth-dependence of lattice parameters and FWHM 
 
According to Josell et al. (1995), phase transformation from hcp to fcc could be of considerable 
importance because fcc materials are generally more ductile than hcp. Analysis of prior and post-
irradiation at different doses and depth profiles yields the damage profiles with FCC crystalline 
phase. 
 
5.3.2. Irradiation of thin uranium film with 136 MeV 
136Xe
+26 
 
5.3.2.1. Morphology of U/Ti foils and their characterization 
 
Figure 5.3.2-1 shows digital microscope snapshot of the U/Ti film before and after irradiation 
with 136 MeV 
136Xe
+26. A photograph reveals the presence of a smooth flat in the center of the 
irradiated sample surface due to ion beam. Around the smooth flat surface is wrinkling caused by 
heating of target. 
 All of the samples which were subjected to SEM were also subjected to AFM and XRD. The 
measurement of the mean grain size in a polycrystalline ﬁlm is of high interest because this 79 
 
parameter can give useful information about deposition, crystallization of amorphous layer, and 
phase  transition  phenomena  [Cazzaniga  et  al.,  2001].  AFM  measurements  of  the  U/Ti  film 
surface were able to identify the depth, width and size of the grain boundary. SEM micrographs 
(Figure 5.3.2-2) showed that the cross section of the irradiated surfaces of the U/Ti film on the 
AFM disc holder showing locally smooth surface in at the magnification of 2113x. Meanwhile 
the bubbles and cracks of irradiated surface can be seen at higher magnification. This SEM image 
cannot provide the characterization parameter in nanoscale such as depth, height and surface 
roughness  as  accurate  as  AFM  capability.    In  this  study,  detailed  analyses  of  damage 
characterization will be performed by AFM measurements.  
 
 
Figure 5.3.2-1. Digital microscope snapshot of U/Ti film before (top) and after irradiation    
                         (bottom) with 136 MeV 
136Xe
+26 at the current intensity of 0.3 pnA. 
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a) 
 
b) 
 
Figure 5.3.2-2.  Typical SEM images of cross section of irradiated         
                        uranium film on the AFM disc holder (top) and a         
                        micrograph of uranium film after irradiated with  
                        1.8x10
13 Xe cm
-2 at energy 136 MeV (bottom). 
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5.3.2.2. Bubbles and Voids 
 
Typical  AFM  micrographs  of  bubble  evolution  in  the  surface  of  irradiated  U/Ti  films  after 
irradiation with 136 MeV 
136Xe
+26 are shown in Figures 5.3.2-3. After irradiations with 1.8x10
13 
cm
-2 136 MeV 
136Xe
+26, the bubbles in the irradiated U/Ti films had a density of (4.84±0.28).10
10 
bubbles/cm
2,  with  the  mean  diameter  and  mean  height  were  (33±2)  nm  and  (5±1)  nm, 
respectively. The presence of any significant difference in the bubble size confirms that growth of 
bubbles continues by increasing the dose collision due to more bubble coalescence. By increasing 
the  fluence  up  to  5.5x10
14  cm
-2,  the  number  of  bubbles  was  significantly  decreased  to 
(4.40±0.32).10
9; meanwhile their mean sizes were slightly increased (Table 5.3.2-1).    
 
Table 5.3.2-1. Bubbles, Cavities, Swelling of U/Ti films irradiated by 136 MeV 
136Xe
+26 
Fluence 
[cm
-2] 
Bubbles  Areal 
Density 
[hillocks/cm
2] 
Surface roughness 
at 15x15 µm
2 [nm] 
Swelling 
[%]  Diameter 
[nm] 
Height 
[nm] 
1.8x10
13 
5.4x10
13 
2.2x10
14 
33±2 
100±16 
333±21 
32±1 
27±2 
15±2 
(4.84±0.61).10
10 
(4.40±0.32).10
9 
(2.60±0.14).10
8 
126±7 
182±9 
213±17 
1.12±0.09 
2.84±0.26 
8.16±0.17 
 
The microstructures of irradiated  U/Ti films specimens showed no evidence of any dislocation 
loops  and dislocation line  but we  found  voids after irradiation with 2 .2x10
14  cm
-2  136  MeV 
136Xe
+26.  The voids in the irradiated U/Ti films had a density of (4.84±0.28).10
10 voids/cm
2 with 
the mean diameter and mean depth were (33±2) nm and (5±1) nm, respectively. The degree of 
swelling produced by the observed voids and bubbles was calculated to be approximately 1.12%, 
2.84% and 8.16% at the fluence of 1.8x10
13 cm
-2, 5.4x10
13 cm
-2 , 2.2x10
14 cm
-2, respectively.  
 
Figure 5.3.2-2 shows low magnification SEM micrographs of the non-irradiated and irradiated 
thin uranium film surfaces. With respect to the morphology of the non-irradiated and irradiated 
uranium films, SEM clearly displays the radiation damage surfaces and its grain boundaries. The 
microstructure damage of irradiated uranium film was characterized by the presence of bubbles 
with the diameter size from 55 to 386 nm. The dislocation loops and dislocation lines or networks 
on the U/Ti samples were not observed at all the applied fluences.  The observed bubble sizes in 
the irradiated U/Ti samples were much smaller than the projected range of 136 MeV
136Xe
+26  in 82 
 
the U/Ti (~3.3 µm) and much larger compared to the typical track diameter in the bulk uranium. 
Similar  results  were  also  obtained  by  Garrido  and  coworkers  who  studied  uranium  dioxide 
bombarded by 977-MeV Pb
53+ ions having the mean hillocks of about 30 nm [Garrido et al., 
2009].  
 
a) 
 
b) 
 
c) 
 
d) 
 
Figure 5.3.2-3. 2D-AFM images of irradiated U/Ti films after irradiation with 136 MeV 
136Xe
+26   
                         at the current intensity of 0.3 pnA: (a) non-irradiated, (b) 1.8x10
14 (c) 5.4x10
14    
                         and (d) 2.2x10
14 Xe cm
-2. 
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5.3.2.3. Chemical composition of Irradiated U/Ti-films  
Under swift heavy ion bombardment, a variety of processes  may occur in the u/Ti film and 
backing Ti. Irradiation of U/Ti samples by 136 MeV 
136Xe
+26 results in sputtering of atoms in the 
uranium film from the surface, inducing compositional changes in the near-surface region of the 
target. All radiation doses applied in this study causes changes in the composition of the uranium 
films,  which  can  impact  the  sputtering  process.  Energy  dispersive  X-ray  fluorescence  of  the 
irradiated U/Ti films revealed the composition to be 51.54 wt% U, 31.02% O and 5.78% C, with 
minor concentrations of Na, Al, Ca and Pd being detected. Table 5.3.2-2 
 
Table 5.3.2-2.  Elemental compositions of the U/Ti films irradiated by 136MeV 
136Xe
+26. 
Element  Non-Irradiated  1.8x10
13 cm
-2  5.4x10
13 cm
-2  2.2x10
14 cm
-2 
  Wt%  At%  Wt%  At%  Wt%  At%  Wt%  At% 
C  05.78  16.11  02.97  10.95  02.64  10.64  02.16  08.92 
O  31.02  64.95  24.29  67.14  21.82  65.95  19.59  60.78 
Na  03.61  05.26  01.62  03.12  01.81  03.81  01.48  03.20 
Al  01.94  02.41  01.46  02.40  01.01  01.82  00.57  01.06 
Pd  02.11  00.66  01.00  00.41  02.13  00.97  01.41  00.66 
U  51.54  07.25  65.14  12.10  68.12  13.84  65.29  13.62 
Ca  02.64  03.34  03.51  03.88  02.64  2.97  09.49  11.76 
O/U ratio    8.96    5.55    4.77    4.46 
 
The O/U ratio values of irradiated and non-irradiated samples as shown in Table 5.3.2.2 provide 
information  about  the  loss  weight  of  oxygen  content.  In  general,  it  can  be  concluded  that 
irradiation of the U/Ti film in high vacuum removes oxygen from the uranium film, creating 
U4O9 as confirmed by X-ray diffraction results. In addition, irradiation by higher intensity (2 
pnA) at a dose of 9.0x10
13 cm
-2 created the same results, i.e. uranium oxide (U4O9).   
Elemental composition analysis of bubbles and grain boundaries are shown in Table 5.3.2-3. 
Meanwhile, the image of bubbles and grain boundary of the irradiated U/Ti film which being 
analyzed for elemental compositions as shown in Table 5.3.2-3 is depicted in Figure  5.3.2-4. 
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Table 5.3.2-3.  Elemental compositions of the bubbles and grain boundaries in the U/Ti  
                         films radiated by 136MeV 
136Xe
+26. 
Element  Bubbles    Element  Grain Boundary 
  Wt%  At%    Wt%  Wt% 
C  01.20  08.92  O  08.79  08.79 
O  08.35  46.71  U  01.91  01.91 
Na  00.08  03.19  Ti  89.3  78.71 
S  00.94  00.22       
Ca  02.11  02.10       
V  00.15  00.27       
U  84.87  31.90       
O/U ratio    1.46  U/Ti ratio    0.02 
 
 
 
5.3.2-4. Bubble and Grain boundary of the irradiated U/Ti film 
 
 
 
 
5.3.2.4. Microstructure of the irradiated backing Ti foils  
According to Trzaska and co-workers (2009), the energy loss measurement of 1 MeV/amu 
132Xe 
ions in thin foils was in good agreement with SRIM 2008 calculations.  Therefore, it can be 
assumed that for energy of 1 MeV/amu Xe, the SRIM 2008 calculation is very accurate enough to 
estimate the stopping power values in the titanium and uranium films. When the U/Ti film with 85 
 
the thickness of 550 nm on the Ti foil (thickness 0.904 mg/cm
2) was irradiated by 136 MeV 
136Xe
26+, the calculated exit energy of the Xe ions from U film was about 124.5 MeV striking the 
backing Ti foils which produce a complex damage such as formation of some blisters, hillocks 
and dislocation loops on. Figure 5.3.2-5 shows the AFM micrographs of the non-irradiated and 
irradiated titanium foil surfaces  irradiated by 125 MeV Xe
+26. The Xe irradiation created the 
hillock formation randomly distributed over the whole sample surface of titanium. 
 
a) 
 
b) 
 
c) 
 
d) 
 
Figure 5.3.2-5. AFM micrographs of the non-irradiated and irradiated backing titanium foil  
                         surfaces by 125 MeV Xe
+26: a) non-irradiated, b)  1x10
13 Xe cm
-2, c) 3x10
13   
                         Xe cm
-2, and d) 9x10
13 Xe cm
-2.  
 
Typical three-dimensional AFM images of the Ti backing surfaces before and after irradiation 
with 125 MeV Xe
+26 to fluences of 1.2x10
13, 3.0x10
13, 9.0x10
13 cm
-2, respectively are shown in 86 
 
Figure 5.3.2-5. The height amplitude, Zrange (peak-to-valley), surface roughness of the irradiated 
Ti films was a function of fluence. The Zrange values of non-irradiated Ti surface at scan size of 
16x16 µm
2 decreased from 186 nm to 121 nm after irradiation to a fluence of 9.0x10
13 cm
-2. This 
indicates that higher fluence results in the smoother surface. The Z range values were consistent 
with the RMS values, the smaller Zrange values, the smaller RMS roughness surface values. This 
may be a potential explanation for the smooth surface morphology of the backing Ti films at 
higher fluences due to ion sputtering. In addition, the irradiated backing Ti films had also single 
blisters having large size in diameter and height those results in high RMS values. Thus the 
surface morphology of films that have single blisters cannot be explained on the basis of blister 
size theory alone.      
 
Monte Carlo calculations (using SRIM 2008) indicate that 125 MeV Xe
26+ in Ti has a projected 
range of 9.96 μm, longitudinal straggling of 457 nm and lateral straggling of 577 nm. When Ti is 
used as a cladding, Ti will exhibit swelling due to blistering or surface deformation. In this study, 
after Ti was irradiated with 125 MeV Xe
26+ to the fluence
 of 1.20x10
13 cm
-2, the blister had size of 
503±47 nm in diameter and 63±15 nm in height.  With increasing fluence up to 3.0x10
13 cm
-2, the 
single  blister  had  the  mean  diameter  of  1890±96  nm  with  height  of  663±52  nm.  These 
microstructure  damages  were  smaller  than  projected  range  of  Xe  in  Ti  foils.  Interestingly, 
increasing the fluence to  9.0x10
13 cm
-2 leads to disappearance of large blisters forming the circle 
loops of hillock clusters with diameter 500-1000 nm as shown in Figure 5.3.2-6 (c).  
 
a) 
 
b) 
 
c) 
 
Figure 5.3.2-6. Some blisters and circle loops of hillock clusters on the backing Ti after irradiation with   
                         125 MeV Xe
+26 to a fluence of (a) 1.2x10
13 (b) 3.0x10
13 and (c) 9.0x10
13 cm
-2.  
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5.3.2.5. Morphology and Stability of annealed non-irradiated U/Ti films 
Figure 5.3.2-7 shows micrographs of the U/Ti samples on the titanium foils (thickness 10 µm) 
measured by SEM. As the U/Ti samples are annealed to 800
oC for 1 hr, the grain boundaries 
cracked leading to fracture surface due to very high tensile strength. The deposited thin uranium 
films  were  no  peeling  from  the  backing  material  of  Ti  foil.  Analysis  of  activity  by  alpha 
spectrometer showed that there was no change in its activity.    
   
Figure 5.3.2-7. SEM micrographs of non-annealed (left) and annealed thin uranium films 
                       (0.291 mg U/cm
2) on Ti (10µm) foils to 800
oC for 1 hour (right). 
 
The annealing behavior of the U/Ti sample was very similar to those of annealed deposited 
uranium oxide films on the iron conducted by Qiu and coworkers (2001)  showing the cracking 
from grain boundary. Further investigation on this matter is needed to see the mechanical 
properties of uranium films. The results of stress measurements by XRD duri ng annealing have 
shown that high tensile stresses arise as a result of the U/Ti -phase formation when the U/Ti was 
annealed to 800
oC for an hour and cooled it down to the room temperature.  
 
Microscopic observations have shown that these tensile stresses lead to cracking forming the 
periodic crack patterns. The cracks propagation, elemental composition and phase transformation 
of U/Ti sample and backing material have been observed by SEM/EDX and XRD measurements. 
The  annealing  to  300
oC  and  600
oC  for  an  hour,  as  shown  in  Figure  5.3.2-8,  revealed  that 
annealing to 300
oC results in a propagating crack and causes porous surface and annealing to 88 
 
600
oC results in more solid surface with the width of cracks was about 1-1.5 µm and without 
delaminating. Meanwhile, the initial grain boundary size of non-annealed was 28 µm with 100 
nm in wide and 17 in depth. The observation showed that the plastic film and solid surface of 
uranium films occurred after 1 hr annealing at 800
oC followed by formation of brittle titanium 
dioxide. The cracking was propagated from the grain boundary lines of the U/Ti films.    
 
     
     
     
Figure 5.3.2-8 SEM images of the U/Ti sample annealed to 300
oC (left), 600
oC (middle) and  
                      800
oC (right) for an hour.  
 
Since the O impurity content plays a big role in defect formation of irradiated uranium films, it 
might also produce a difference annealing behavior. For these reasons, the annealing behavior of 89 
 
uranium films at different condition was compared to irradiated uranium films by monitoring 
sample structure from 300 to 800
oC. 
 
The cross-section of the annealed sample of non-irradiated U/Ti film with a SEM is shown in 
Figure 5.3.2-9. The SEM micrograph in Figure 5.3.2-9 (left) shows three cross section layers of 
gold ribbon, titanium foil and uranium film. Gold ribbon was used to bind the sample. Magnified 
SEM images focused on the interface U/Ti film is shown in Figure 5.3.2-9 (right). The interface 
morphology  reveals  that  portions of the  uranium  surface  are relatively  porous  and  on  closer 
examination it is hard to see the intermixing phase between Ti and uranium was found. The cross 
section morphology of these regions suggests that the dense layers form at interface boundaries.   
 
   
Fig 5.3.2-9 Interface cross section of annealed of U/Ti film at 800
oC 
 
It is difficult to identify any particular shape of the intermetallic uranium -titanium using this 
sample preparation technique since most of the major elements, C and O, still reside as 
aggregates. Other microelements (Fe, Co, K and Au) appeared in the spectrum (Fig 5.3.2-10) due 
to interference of gold ribbon. 90 
 
 
Fig 5.3.2-10 EDX spectrum and the elemental composition of U/Ti interface 
 
Energy dispersive X-ray fluorescence of the interface of between U film and Ti substrate revealed 
the  composition  to  be  45.92  wt.%  U,  21.42%  O,  24.98%  C  and  7.68%  Ti,  with  minor 
concentrations of Co, Fe, K, and Au from gold ribbon being detected. The Ti/U atom ratio was 
0.8 suggesting the presence of UTi intermetallic. However, the XRD analysis did not show the 
characteristic peaks of UTi as being present. Thus the structure of the interface of deposit is still 
complex and TEM of the interface analysis would be helpful for future investigation. This U/Ti 
compound is possible exists in the interface since the XRD of the backing Ti of annealed U/Ti 
film in the Argonne environments exhibits TiO2 which probably due to oxygen diffusion from 
uranium film rather than from air oxidation. Meanwhile in the irradiated U/Ti film by 132 MeV 
Xe at the beam intensity of 2 pnA, XRD of the uranium film shows the peaks of TiO indicating 
intermixing  of  oxygen  and  the  titanium  foil  rather  than  diffusion  oxygen  from  oxygen 
atmosphere. Irradiated Ti foils by 1 MeV/amu Xe at different beam intensity corresponding to up 
966
oC  showed  just  Ti  element.    Since  the  diffusion  coefficient  values  related  to  annealing 
temperature follows an Arrhenius expression, the higher the temperature, the greater the diffusion 
coefficient,  then  the  more  oxygen  diffusion  from  the  target  to  the  surface  resulting  in  more 
oxygen vacancies and more porous in the U/Ti film.  
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5.3.2.6. The X-ray diffraction (XRD) analysis of Irradiated U/Ti film  
 
Radiation  damage  effects  on  crystallography  and  lattice  defects  in  the  U/Ti  samples  were 
measured by X-ray diffraction. The changes in the XRD patterns reflecting the evolution with 
time of the phases during irradiation of the U/Ti surface are shown in Fig 5.3.2-11. 
 
The  X-ray  diffraction  (XRD)  pattern  of  non-irradiated  U/Ti  is  shown  in  Fig  5.3.2-11a.  The 
molecular  plating  method  produced  low  crystallinity  uranium  films  (amorphous  solid  phase) 
(manifested by the typical broad intensity maximum at diffraction angles (2θ) between 8-20
o and 
20-35
o).  Intense peaks of polycrystalline Ti from backing material were observed at diffraction 
angles  between  38  and  90
o.  It  is  hard  to  describe  the  structure  of  U/Ti  sample  by  XRD 
measurement due to the presence of an amorphous phase. However, the diffractogram obtained in 
this study was similar to that of electrodeposited uranium film obtained from electrodeposion of 
uranyl nitrate using saturated ammonium chloride solution  studied by Santos and co-workers 
(Santos et al., 2004). The XRD pattern of our U/Ti sample did not match with the data base of 
uranium compounds or the International Centre for Diffraction Data – Powder Diffraction File 
(ICDD-PDF) database of reference patterns.  
 
After irradiation  with  1.8x10
13  cm
-2136  MeV 
136Xe
+26,  the  uranium  film  was still  amorphous 
showing a broad peak at diffraction angles (2θ) between 20
o and 35
o. This peak decreased in the 
intensity and became more gentle compared to the unirradiated foil; Meanwhile, other intense 
lines of polycrystalline Ti appeared showing that the presence of polycrystalline Ti phase (Fig 
5.3.2-11b).  
 
By increasing the fluence up to 5.4x10
13 cm
-2 MeV 
136Xe
+26 (Fig 5.3.2-11c), peaks (2θ = 29.04
o, 
47.40
o) corresponding U4O9 were observed. In addition, the broad peaks of 33
o, 56
o and 58
o for 
U4O9 phase were also observed showing that the uranium film were partially crystallized. The 
other peaks of 38.09
o, 40.17
o, 44.32
o, 53.10
o have been identified as due to titanium.  
 
It can be seen in Fig 5.3.2-11d that irradiation of the uranium films with a fluence of  2.2x10
14 Xe 
cm
-2  results in a fully crystallized U4O9. The XRD pattern showed some intense peaks at 2θ = 
28.44
o, 32.94
o, 47.40
o, 56.17
o, and 58.72
o which were matched to ICDD-PDF #01-072-0125 as a 92 
 
uranium  oxide,  U4O9.  The  other  intense  peaks  in  the  X-ray  diffraction  patterns  of  the  fully 
crystallized samples were identified as due to Ti and alpha-Ti phases.  
 
a) 
 
b) 
 
c)  
 
d) 
 
Figure 5.3.2-11. The XRD pattern of the non-irradiated and irradiated UTi on the baking of Ti  
                            foils: a) non-irradiated, b)  1.8x10
13 Xe cm
-2, c) 5.4x10
13 Xe cm
-2, and d)  
                            2.2x10
14 Xe cm
-2 
 
X-ray diffraction data showed that the phase of uranium film irradiated with 9.0x10
13 Xe cm
-2 136 
MeV 
136Xe
+26 was a cubic with a cell parameter of a = b = c = 21.80 Å and α = β = γ = 90. These 
super lattice lines were well agreement with the U4O9 super structure that have been studied by 
Cooper and co-workers (2004) and Rocanière and co-workers (2004).  The line data obtained in 
Fig 5.3.2-11 combined with O/U ratio as a function of ion fluence are plotted in Figure 5.3.2-12.  
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a) 
 
 
b) 
 
 
Fig 5.3.2-12 The O/U ratio, grain diameter, lattice parameter as a function of      
                      irradiation fluence 
 
The Scherer formula provides correlation between peak width and crystallite size where the line 
broadening at half the maximum intensity (FWHM) due to crystallite size varies inversely with 
crystallite size [Cullity and Stock, 2001]. As a consequence, as the crystallite size gets smaller, 
the peak (FWHM) gets broader. Fig 5.3.2-12 shows the grain diameter (crystallite) and O/U ratio 
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as a function of ion Xe fluence in the irradiated uranium films. This plot suggests that swift heavy 
ion  irradiation  induced  grain  growth  corresponding  to  that  crystallization  process  during 
irradiation.  
In this case, since the uranium film before irradiation is amorphous exhibiting has no detectable 
crystallinity then it does not have any lattice parameters. However, the effective nearest neighbor 
distance can be calculated by Guiner formula [Drehman, 1987] as follow as: 
q

sin 2 2
3
 eff d                (5.3.2.1) 
The effective nearest neighbor distance deff, as calculated by Guiner formula, was to be 9.92Å.  
Meanwhile, the grain diameter of the U/Ti film before irradiation was determined by Scherer 
formula to be 0.023 nm. 
In contrast to irradiation of UO2 (Ishikawa, 2011), there is little different in the corresponding to 
crystallography and elemental composition properties such as O/U ratio, lattice parameter and 
grain diameter. In this study the initial material was amorphous uranium containing oxygen-
bridge, carbon and other micro elements. Ion irradiation induced crystallization results in low 
FWHM and large grain size. As pointed out by Nogita et al. (1999), the lattice parameter is 
related to the metal atom ratio (O/M) and accumulation of irradiation-induce lattice defects.  
Our results show that the O/U ratio decreases by increasing the fluence due to sputtering O from 
the surface producing accumulated interstitial point defects. High point defect results in more  
lattice disorder leading to change of the lattice parameters.  
Alexander and Was (1990, 1993) have proposed a model of cylinder thermal-spike based on the 
grain growth observed during heavy-ion irradiation of initially fine-grained (~10 nm diameter) 
thin films. Alexander showed the grain size (L) of irradiated materials should vary with fluence φ 
as 
L
n-Lo
n =  Kφ         (5.3.2.2) 
with the same exponent (n = 2) where Lo and K are initial grain size and a constant, respectively. 
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a) 
 
b) 
 
c) 
 
 
Fig 5.3.2-13 Grain diameter scaled according to eq. (5.3.2.2) as a   
                     function of irradiation fluence with n = 3, 4 and 2. 
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Our  irradiation  results  follow  the  Alexander  model  relation  for  n  =  3  indicating  support 
Alexander thermal spike model (Figure 5.3.2-13a). However, other n values (Figure 5.3.2-13b,c). 
do not support the thermal spike model. Similar results were also obtained by Borgesen and co-
worker (1991) who studied the radiation induced growth in transition metal.  Therefore, there is 
limitation in the thermal spike model proposed by Alexander.  
5.3.2.7 X-ray diffraction analysis of irradiated backing titanium foils 
 
The X-ray diffraction results suggested that there was a change the planes in lattice of Ti (Fig 
5.3.2-14). The intensity of lines decreasing by increasing the fluence and some unidentified peaks 
were observed in the irradiated Ti foils between 20-30
o showing the new hexagonal close packed 
(hcp) phase. The new hcp phase of Ti was also obtained by de la Vega et al (2005) who studied  
ion implantations on the titanium and Ti–6Al–4V alloy the with five different types of ions (C, Si, 
Ti, Pt and Au) at energies between 1.5 and 9 MeV. 
 
a) 
 
b) 
 
 
 
Figure 5.3.2-14. The XRD pattern of the non-irradiated (left) and irradiated Ti foils with  
                            2.2x10
14 Xe cm
-2 136 MeV 
136Xe
+26 (right) 
 
5.3.2.8 Annealing of non-irradiated thin uranium films  
In order to investigate missing uranium which becomes major issues, we compare the surface 
cracking  scales  of  the  irradiated,  unirradiated  and  annealed  thin  uranium  films.  Samples  of 
unirradiated thin uranium films were annealed at 300, 600 and 800
oC for 60 minutes and then 
were examined by XRD. 97 
 
a) 
 
b) 
 
Figure 5.3.2-15. XRD patterns of the DTUF annealed in the furnace at 300
oC and 600
oC (left) and 800
oC for 1 hr  
                           (right) in the air atmosphere condition. 
 
As can be seen in Fig 5.3.2-15a, the XRD pattern shows that the U/Ti samples annealed to 300 
and 600
oC were still remain amorphous phase; meanwhile the intense peaks were identified as a 
polycrystalline titanium phase. After annealing to 600
oC for an hour the XRD pattern showed two 
broad subsidiary peaks between 20 and 30
o of 2θ which related to the plane (1 1 0) of U3O8 and 
plane (2 0 0) of UO3 phase.    
 
Further annealing of the samples up to 800
oC was performed to try to find some more structural 
changes. A fully crystallized sample (Figure 5.3.2-15b) was obtained after annealing to 800
oC for 
1 hr. The XRD pattern showed several peaks which indicate a mixture of U3O8, UO3, Ti and TiO2 
phases.  Annealing of specimen to 800
oC for an hour resulted in a weight gain of 16%-w and 
increased the O/U ratios from 4.39 to 5.28. These changes were presumably due to the presence 
of an excess of oxygen, causing the specimen to oxidize. The X-ray diffraction pattern indicated 
that the structure of the U/Ti was a mixture of UO3 and U3O8, Ti and TiO2 phases. In addition, no 
intermetallic creation of UTi2 or U2Ti was observed.  
 
In general, the elemental analyses of the irradiated and annealed samples showed that the O/U 
ratios were much higher than that of U/O ratios of UO3, U3O8 and U4O9. Annealing of the U/Ti 
samples to 800°C results in crack surface and is due to the linear thermal coefficient mismatch. 
The linear thermal expansion coefficients of TiO2 and U3O8 are 8.5x10
-6 oC
-1 and 11.6x10
-6 oC
-1, 
respectively (http://www.sciner.com/Crystals/TiO2.htm; Gronvold, 1955). According to the study 98 
 
of  thermal  stability  of  uranium  oxides  conducted  by  Thein  and  Bereolos,  (2000),  at  higher 
temperatures in an oxidizing atmosphere, starting at 925°C, U3O8 may “vaporize” (presumably, 
this means measurable vapor pressure), forming mainly monomeric gaseous UO3, an undesirable 
product.  
 
 
Figure 5.3.2-16. XRD patterns of the U/Ti film annealed in the furnace at 800
oC for 1 hr (right) in  
                          the Argonne environment. 
 
XRD patterns of the U/Ti film annealed in the furnace at 800
oC for 1 hr (right) in the Argon 
environment  is  shown  in  Figure  5.3.2-16.  The  X-ray  diffraction  pattern  indicated  that  the 
structure of the U/Ti was a mixture of β-U3O7, Ti and rutile-TiO2 phases. 
 
The O/U ratio values of irradiated and annealed samples provide information about the gain and 
loss weight of oxygen content. It can be concluded that irradiation of the U/Ti film in high 
vacuum removes oxygen from the uranium film, creating U4O9. On the other hand, annealing of 
the U/Ti film to 800
oC for an hour produced a mixture of uranium oxides, UO3 and U3O8 as well 
as Ti and TiO2.   
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5.3.2.9 Irradiation-induced Crystallization Mechanism 
 
Brimhall (1985) has pointed out that the amorphous phase had been previously thought to be 
immune  to  radiation  damage  because  of  the  already  highly  disordered  atomic  arrangement. 
However, more recent experiments and theories have shown that irradiation of amorphous state 
results  in  relaxation  and  order/disorder  effects  as  well  as  a  quite  a  different  crystalline 
microstructure compared to thermal crystallization without irradiation [Qin et al., 2011; Ikenaga 
et al., 2009]. 
 
Under ion  bombardment the  increased  defect  concentration  effectively  reduces  the  activation 
energy for diffusion due to the change of the mean interatomic distance [Pavlov et al., 1975]. 
Irradiation also produces the "excess free volume" in an amorphous structure which allows the 
greater atomic mobility in the amorphous structure. Since the activation energy is proportional to 
the  crystallization  temperature  [Pavlov  et  al.,  1975;  Yao  et.  al.,  2003]  then  decreasing  the 
activation energy results in lower crystallization temperature.  
 
Studies of the  self-diffusion  of  oxygen  in uranium  dioxide and hyper  stoichiometry  uranium 
oxides  have  been  investigated  since  1960s  to  explore  more  details  about  the  mechanism  of 
material transport within the uranium dioxide lattice [Ausken and Belle, 1960; Belle 1968; Marin 
and Contamin, 1968; Matzke, 1968; Lay, 1970]. The empirical formulas of diffusion coefficients 
at various temperatures are well defined. The rate of the initial step in the oxidation of UO2 to 
U3O8 is controlled by the diffusion of oxygen through the uranium dioxide lattice [Aronson et al., 
1960]. The strong dependence of the oxygen self-diffusion rates on the amount of interstitial 
oxygen in the structure suggests that the diffusion current carriers are interstitial oxygen. 
 
According to Toulemonde and Dufour (1992), the phase transformation induced by heavy-ion 
irradiation may result from increase of the lattice temperature due to thermalization of deposited 
energy on the electronic system via electron-electron interaction and transfer this energy to the 
lattice via electron-atom interaction. The irradiation of solid by 136 MeV 
136Xe
+26 allows the 
introduction of foreign species into host material. It is possible to modify the physical and /or 
chemical  properties  near  the  solid  surface  due  to  lattice  damage.  During  136  MeV 
136Xe
+26 100 
 
irradiation, we can predict that all U atoms and O atoms surrounding the projectile are ionized to 
charge states (U
5+ and U
6+) and O
-2, respectively.  
 
An initial oxygen loss occurred at the surface due to preferential sputtering. Following to Kelly 
(1984), the probably  mechanism  of  oxygen  role  in  the  U/Ti  film  can  be  explained  by  some 
interactions.  The incident high energetic particles of Xe ion with oxygen in the U/Ti film lead to 
reactions: 
O
-2 ↔ O
-  + e
- 
O
- = O
o(surface) + e
- 
O
o(surface) = O
o(gas)  or  ½O2
o(gas)  
U
+5 ↔ U
+6  + e
-; O
- = O
o(surface) + e
- 
O
o(surface) = O
o(gas)  or  ½O2
o(gas)  
 
When  136  MeV 
136Xe
+26  ions  penetrate  a  U/Ti  film,  it  gives  up  its  kinetic  energy  via  two 
processes:  (i)  electronic  excitation  and  ionization  (inelastic  collision)  and  (ii)  elastic  nuclear 
collisions with target atoms where the inelastic scattering dominates the process in this case. In 
general, there are two theoretical models that have been recognized i.e. coulomb explosion and 
thermal spike model [Brown, 1984; Nogita et al., 1999; Assmann et al., 2007]. These models can 
explain the local excitation of the lattice by energy transfer from the highly excited electronic 
system to the lattice atoms. Both mechanisms can result in atomic transport, and thus, swift heavy 
ion (SHI) irradiation of U/Ti film target containing O atoms leads to produce crystalline U4O9. 
This mechanism depends strongly on the properties of materials, energy ions and fluence. In fact, 
according to the widely used thermal spike model, rapid energy transfer through electron-phonon 
coupling makes the system abnormally excited and the region around the ion track gets suddenly 
heated to a very high temperature within a small time scale. Although the lifetime of thermal 
spike  is  in  a  few  picoseconds  [Nastasi  and  Meyer,  2006]  to  generate  vacancies/defects,  the 
migration of vacancies also might be occurring due to elevated temperature of irradiation. 
 
The above results indicate that swift heavy ion beam induced crystallization of the uranium film 
containing high oxygen atoms at temperature about 324
oC. In fact, when 2.2x10
14 cm
−2 136Xe
+26 
ions pass through the U/Ti film; they produce ~1.7x10
19 vacancies in the U/Ti film as obtained 
from SRIM-2008 simulations.  101 
 
5.4. MONTE CARLO SIMULATION OF IRRADIATION DAMAGE in U/Ti FILM 
The computer code TRIM2008 [SRIM2008] was applied to estimate the radiation damage in the 
uranium film and backing Ti foils. In this case, the projectile entered ion is 
136Xe with atomic 
mass of 136.00 and energy of 136 MeV. The target uranium film (U/Ti film) and backing Ti foils 
entered were a mixture of elements (Table 5.4-1). The target thicknesses of the uranium film and 
backing Ti are 450 nm and 2000 nm, respectively. The dose of implanting ions is thus given by 
Equation as 
   -19 -2
I(nA) t(s)
D=
1.6x10 qA(cm )
           (5.4.1) 
where D is the implanting dose, I the beam current intensity (nA), t  beam time (s)  q is the charge 
state of the ion, and A is the striking area of the target. The irradiation doses in the uranium film 
were 1.8x10
13 ions/cm
2, 5.4x10
13 ions/cm
2 and 2.2x10
14 ions/cm
2.  
 
According to our knowledge, no compound in the SRIM library and no correction have been 
reported for this organic substance (U/Ti film) due to limited literatures. Irradiation of U/Ti films 
is simulated into the following: amorphous U film - polycrystalline Ti foil with the incident angle 
of 0
o and uranium density equals 11.437 g/cm
3. The mean projected depth Rp in the uranium film 
is about 3.3 μm with the longitudinal straggling is 125 nm and the lateral straggling is 145 nm. 
The initial data for simulation are shown in Fig 5.4-1 
Table 5.4-1 The element and target thickness data for SRIM inputs. 
Element1  Target 
 
  Wt%  At% 
C  05.78  16.11 
O  31.02  64.95 
Na  03.61  05.26 
Al  01.94  02.41 
Pd  02.11  00.66 
U  51.54  07.25 
Ca  02.64  03.34 
Thickness  450 nm 
Element2  Target  Element1 
  Wt%  At% 
Ti  100  100 
Thickness  2000 nm 102 
 
5.4.1 Displacement atoms (dpa) calculations 
Fig 5.4-1 shows the SRIM simulation result of irradiation of uranium film with 136 MeV Xe. 
a) 
 
b) 
 
 
c) 
 
d) 
 
Fig 5.4-1 Collision plot in (a) longitudinal and (b) lateral, (c) ionization and (d) collision events in  
                the uranium film with 136 MeV Xe 
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From the SRIM calculations it can be predicted that the displacement atoms of uranium, carbon 
and oxygen in the uranium film are 0.01, 0.01 and 0.08 dpa, respectively.  Calculation based on 
simulation results (vacation/Å-ion) as shown in Fig 5.4-1d.  
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Therefore, it can be expected that oxygen atoms lost will be higher than carbon and uranium. 
5.4.2 Sputtering Calculations 
For non-irradiated thin uranium film, the initial activity of uranium film was 1.69 Bq (3.435x10
17 
U atoms). TRIM simulation of 136 MeV Xe ions (6277 ions) striking a 450 nm of thin uranium 
film and 2000 nm of Ti foil that contain minor elements resulted in the number of U atoms which 
have been sputtered per incident ion of 0.0208 U atoms/ion (Table 5.4-2). Therefore, the number 
of sputtered U atoms after Xe irradiation to a fluence of 2.2.0x10
14 ions/cm
2 is 4.576x10
12 atoms 
and.the number of U atoms staying in the sample is: N = 3.435x10
17 -  4.576x10
12 ≈ 3.44x10
17 U 
atoms (≈1.69 Bq). Thefore, there is no changing in activity values and the uranium loss due to 
sputtering caused by irradiation with the fluence of 2.2.0x10
14 ions/cm
2 can be neglected. After 
measuring the irradiated material, the activity was remaining constant  indicating no uranium 
loss. 
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Table 5.4-2. Sputtering yield and the number of sputtered atoms at fluence of 2.2x10
14 cm
-2. 
Elements 
 
Sputtering yield 
(Atoms/Ion) 
# sputtered 
 (atoms) 
C  0.042900  9.438 x 10
12 
O  0.400200  8.804 x 10
13 
Na  0.045900  1.010 x 10
13 
Al  0.011400  2.508 x 10
12 
Pd  0.002452  5.394 x 10
11 
U  0.020800  4.576 x 10
12 
Ca  0.029400  6.468 x 10
12 
Ti  0.000000  0.0000 
TOTAL  0.553052  1.21671 x 10
14 
 
Simulation SRIM shows that ~ 0.55 total atoms are sputtered for each incident ion. The numbers 
of sputtered atoms and U losses at the different fluences with initial U of 3.44x10
17 atoms (as 
calculated before shipping the target A=1.69 Bq) are shown in Table 5.4-3.  
Table 5.4-3. Number of Sputtered U atoms at various loses 
Fluence 
(ions/cm
2) 
# sputtered U 
(atoms) 
#U on foil  Activity (Bq)  U loss (%) 
10
13  2.080 x 10
11  3.435 x 10
17  1.690  0.00 
10
14  2.080 x 10
12  3.435 x 10
17  1.690  0.00 
10
15  2.080 x 10
13  3.435 x 10
17  1.690  0.01 
10
16  2.080 x 10
14  3.433 x 10
17  1.689  0.06 
10
17  2.080 x 10
15  3.415 x 10
17  1.680  0.61 
10
18  2.080 x 10
16  3.227 x 10
17  1.588  6.05 
10
19  2.080 x 10
17  1.355 x 10
17  0.667  60.55 
10
20  2.080 x 10
18  0.000   0.000  100.00 
 
The experimental results were in excellent agreement with those obtained by SRIM simulation. 
This simulation can be used to predict nuclear material loss during irradiation.  
5.4.3 Does the Xe ions Create an Amorphous Uranium Layer? 
At the damage peak plot (Fig 5.4.3.1), the vacancy rate is about 0.02 vacancy/Å-target atom. 
Using the above plot, a dose of 2.2x10
14/cm
2 ions created 4.4x10
12 stable vacancies/Å-cm
2 =  
4.4x10
20 stable vacancies/cm
3. Since the density of uranium is 4.818x10
22 atoms/cm
3 and the 105 
 
calculated damage is 4.4x10
20 vacancies/cm
3, then the damaged U target is to be about 0.91%, 
and  the  U  layer  is  not  amorphous.  Meanwhile,  from  the  experiment  the  uranium  film  was 
transform  from  an  amorphous  to  crystalline  with  swelling  is  higher  than  that  of  SRIM 
calculations. This conclusion is not quite accurate because the displacement energy for U will 
decrease as damage accumulates. This means that once we have partial damage, it is easier to 
create more damage because the lattice is more loosely coupled and atoms are easier to dislodge. 
These  changes  in  the  crystal  integrity  are  not  included  in  TRIM,  so  the  damage  may  be 
underestimated.  
5.4.4 Does the Xe ions create amorphous titanium foils? 
 
The aim of this SRIM calculation is to address the damage calculation due to Xe irradiation at the 
highest dose to answer the questions how much is the damage and do the Xe ions create an 
amorphous titanium layer?  
 
At the damage peak (at the depth of around 10 µm), the vacancy rate is about 1.7 vacancy/target 
atom with assuming that 99% of the damage instantly anneals, leaving only 1% damage. Using 
the  above  plot,  a  dose  of  2.2x10
15  Xe  ions/cm
2  created  3.74x10
13  stable  vacancies/Å-cm
2  =  
3.74x10
21 stable vacancies/cm
3. Since the density of titanium is 5.681x10
22 atoms/cm
3 and the 
calculated damage is 3.74x10
21 vacancies/cm
3, then the Ti target is damaged to be about 6.58%, 
and  the  Titanium  layer  is  not  amorphous.  This  conclusion  is  not  quite  accurate  because  the 
displacement energy for Ti will decrease as damage accumulates. This means that once we have 
partial damage material, it is easier to create more damage because the lattice is more loosely 
coupled and atoms are easier to dislodge. These changes in the crystal integrity are not included 
in TRIM, so the damage may be underestimated. Our result shows that the damage in term in 
void swelling was about 12.2% which higher that of SRIM calculation (6.6%).  
  
 
 106 
 
CHAPTER VI - CONCLUSION 
 
1. Irradiation of Al film with alpha particles and fission fragments from 252Cf   
    source:  
 
The atomic force microscopy (AFM) has been used to study the microstructure damage 
of thin aluminum film surfaces induced by bombardment of alpha particles and fission 
fragments from 252-Cf source. Different types of defects (dislocations lines, loops, voids, 
and blisters) and their complex morphologies appeared under both the beam of alpha 
particles and a mix of alpha particles and fission fragments.  
 
The first surface damage became clearly visible only after 250 hr irradiation of a mix of 
alpha particles and fission fragments (8.65×10
8 ff/cm
2 and 1.36×10
10 ʱ/cm
2). The number 
of voids and dislocation lines created on the aluminum surface were (3.8 ± 0.8) x10
7 cm
-2 
and (2.1 ± 0.8) x 10
6 cm
-2, respectively. Single blisters were observed with the mean 
diameter of (933 ± 22) nm and the mean height of (102 ± 15) nm. The first ellipsoidal 
dislocation  loops  appeared  at  the  fluence  of  (1.03×10
9  ff/cm
2  and  1.62×10
10  ʱ/cm
2). 
However, these ellipsoidal loops were not seen with low energetic alpha particles at the 
same fluence. Our results suggest that the fission fragments might maximize large voids 
and dislocations and increase the degradation in depth resolution.  
 
2. Irradiation of U/Ti film with 136 MeV 
136Xe
+26:  
 
Under swift heavy ion bombardment, a variety of processes may occur in the u/Ti film 
and backing Ti. Irradiation of U/Ti samples by 136 MeV 
136Xe
+26 results in sputtering of 
atoms in the uranium film from the surface, inducing compositional changes in the near-
surface region of the target.  
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Radiation damage in the U/Ti samples was measured by X-ray diffraction. The changes 
in the X-ray diffraction patterns of an unirradiated U/Ti sample showed the typical broad 
intensity maximum at diffraction angles (2θ) between 8 and 20
o and also between 20 
and35
o). This peak indicates that the sample is amorphous so that it does not have any 
lattice  parameters.  Irradiation  of  the  uranium  film  with  2.2x10
14  Xe  cm
-2  136MeV 
136Xe
+26 results in a fully crystallized U4O9.  
 
Annealing of specimen to 800
oC for an hour resulted in a weight gain of 16%-w and 
increased the O/U ratios from 9.86 to 14.04. These changes were presumably due to the 
presence of an excess of oxygen, causing the specimen to oxidize. The X-ray diffraction 
pattern indicated that the structure of the irradiated U/Ti film was a mixture of UO3 and 
U3O8, Ti and TiO2 phases. In addition, no intermetallic creation of UTi2 or U2Ti was 
observed.  
 
3. Irradiation of Ti foils with 136 MeV 
136Xe
+26:  
 
In  this  experiment  the  polycrystalline  titanium  foil  (thickness  0.904  mg/cm2)  before 
irradiation consists of 64% of fcc-Ti and 36% hcp-Ti phase at ambient temperature. The 
measured lattice parameter of the fcc-titanium phase before irradiation was to be 4.0640 
Å; meanwhile the lattice parameter of hcp-Ti phase was a = 2.9505 Å and c= 4.6826 Å 
(c/a = 1.5871). After irradiation of Ti foils with 136MeV 
136Xe
+26 at beam intensity of 3 
pnA corresponding to 966
oC, the titanium crystallography change from a mix of (hcp-Ti 
and fcc-Ti) phase to fcc-Ti phase.  
 
When 136 MeV 
136Xe
+26 ions strike the Ti foils, they create microstructural damage due 
to high electronic loss. The formation of cavities, blisters, hillocks, dislocation loops, 
dislocation  lines,  craters  and  ridges  as  well  as  polygonal  ridge  networks  has  been 
observed  by  AFM.  The  dislocation  networks  observed  in  this  study  suggest  an 108 
 
explanation for the resistance of titanium to amorphization during elevated temperature 
irradiation. 
 
4. Research data implication:  
 
These experimental results are very important to validate the radiation damage model 
especially  in  the  fusion  research  and  Reduced  Enrichment  Research  and  Test  Reactor 
(RERTR) program. The quantitative measurement of microstructure damage features of 
the  irradiated  samples  observed  by  AFM,  SEM/EDX  and  XRD  are  very  important 
characteristic of materials to estimate number of cavities, dislocation lines, hillocks and 
blisters and swelling.  
 
Although irradiation data of uranium dioxide and uranium carbide are well documented, 
the oxygen transport in irradiated U/Ti film prepared by molecular plating is a complex 
phenomenon  and  no  model  has  been  developed  to  predict  microstructure  damage  by 
fission fragments. Consequently, our data results are very useful to predict behavior of 
uranium and its backing materials after irradiation at low displacement atom (dpa) with 
136 MeV 
136Xe
+26 ions. Prediction of radiation damage at higher dpa can be estimated 
from these data.  
 
 
 
 
 
 
 
 
 
 109 
 
CHAPTER VII - BIBLIOGRAPHY 
 
1.  Aleksandrov, V. M., I.A. Baranov, R.I. Garber, Z.I. Dranova, A.S. Krivokhvatskii,  I.M. 
Mikhailovskii,  and  V.V.  Obnorskii  (1980).  Field  emission  microscope  study  of  radiation 
damage in tungsten caused by 252Cf fission-fragments.  Atomic Energy, 49 (2): 124-126 
 
2.  Alexander, D.E. and R.C. Birthcher (1992). The effect of ion irradiation on inert gas bubble 
mobility. J. Nucl. Mater., 191-194, 1289-1294 
 
3.  Alexander, D.E. and G.S. Was (1990). Thermal-spike model of ion-induced grain growth. 
Materials Research Society 1990 Fall Meeting, Nov. 26-Dec. 1, 1990 
 
4.  Alexander, D.E. and G.S. Was (1993). Thermal-spike treatment of ion-induced grain growth: 
Theory and experimental comparison. Phys. Rev. B., 47(6) 2983-2994  
 
5.  Andersen, H.H. in: J.S. Willams and J.M. Poate (1984). Ion Implantation and Beam 
Processing, Academic Press, Sydney, 419p.  
 
6.  Assmann, W., M. Toulemonde and C. Trautmann (2007).  Electronic Sputtering with Swift 
Heavy Ions. In R. Behrisch and W. Eckstein (Ed.).Topics in Applied Physics Vol.110  
 
7.  Avasthi,  D.K.  (2000).  Some  interesting  aspects  of  swift  heavy  ions  in  materials  science.  
Current Science, 78(11) 1297-1306 
 
8.  Averback,  R.S.  and  P.  Bellon  (2010).  Fundamental  concepts  of  ion-beam  processing.  in 
Bernas (Ed.). Topics Appl. Physics Materials: Science with Ion Beams. 116, 1-28, Springer  
 
9.  Barabasi, A.L. and H.E. Stanley (1995). Fractal Concepts in Surface Growth. Cambridge 
University Press, Cambridge, 366p.  
 
10.  Behrisch, R. and W. Eckstein. Topics in Applied Physics Vol.110 (2007).  Sputtering by 
Particle Bombardment.  
 
11.  Berghe, S.V, W.V. Renterghem, and A. Leenaers (2007). Transmission Electron Microscopy 
Investigation of Irradiated U-7 wt% Mo Dispersion Fuel. The RERTR-2007 International 
Meeting on Reduced Enrichment for Research and Test Reactors. September 23-27, 2007, 
Prague, Czech Republic 
 
12.  Binyukova,  S.Yu.,  I.I.  Chernov,  B.A.  Kalin  and  M.K.  Vin  (2005).  Formation  of  helium 
porosity in different materials during post-radiation annealing.  Atomic Energy. 99(2): 550-
555 
 
13.  Biro, L.P., J. Gyulai, and K. Havancsak (1995). Scanning-tunneling-microscope investigation 
of a 215-MeV Ne-irradiated graphite surface. Phys. Rev., 52(3) 2047-2053 
 110 
 
14.  Biro,  L.P.,  J.  Gyulai,  K.  Havancsak,  A.Y.  Didyk,  S.  Bogen  and  L.  Frey  (1996).  Use  of 
atomic-force microscopy and of parallel irradiation geometry for in-depth characterization of 
damage produced by swift Kr ions in silicon.  Phys. Rev. B, 54, 17, 11853-11856 
 
15.  Birtcher,  R.C.,  S.E.  Donnelly  and  C.  Templier  (1994).  Evolution  of  helium  bubbles  in 
aluminum during heavy-ion irradiation. Phys Rev. B., 50 (2), 764-769 
 
16.  Borgesen, P, D.A. Lilienfeic and H. Msaad (1991). Radiation induced growth in    
      transitional metals. Mat.Res. Soc., 201,393-398 
 
17.  Brailsford, A. D. and R. Bullough (1978). Void growth and its relation to intrinsic point 
defect properties.  J. nucl. Mater., 69-70, 434-450 
 
18.  Braun, M., B. Emmoth and J.L. Whitton (1980). Blistering and exfoliation of 304 stainless 
steel by SEM and RBS. J. of Nucl. Matter. 93&94:728-733  
 
19.  Braun,  M.,  J.L.  Whitton  and  B.  Emmoth  (1979).  Helium  induced  surface  exfoliation  of 
aluminum and the correlation between flake thickness and ion energy in the range 10-80 keV. 
J. Nucl. Mater., 85-86:1091-1094 
 
20.  Briggs, B.N. and W.H. Friske (1962). Development of Niobium Diffusion Barriers for Al-
Clad U alloy Fuel Elements. Atomic International, NAA-SR-7973  
 
21.  Brimhall, J.L. (1985). Heavy ion induced crystallization in amorphous phases. Nucl. Instr. 
and Meth. in Phys. Res. B, 7/8, 26-30   
 
22.  Brimhall, J.L., G.L. Kulcinski and H.E. Kissinger (1971). Microstructural analysis of neutron 
irradiated titanium and rhenium. Rad. Effect, 9, 273-278 
 
23.  Budzynski, P., V.A. Skuratov, T. Kochanski and Z. Surowiec (2009). Titanium surface layers 
after irradiation with swift Kr and Xe ions. Vacuum. 83, Suplement 1, S190-S192  
 
24.  Cazzaniga, F., G. Pavia , A. Sabbadini , S. Spiga and G. Queirolo (2001). AFM measurement 
of the grain size in polycrystalline titanium silicides. Microelectron. Eng., 55 (1) 93-97 
 
25.  Cooper, R.I. and B.T.M. Willis (2004). Refinement of the structure of β-U4O9. Acta Cryst. 
A60, 322-325 
 
26.  Cullity, B.D. and S.R. Stock (2001). Elements of X-Ray Diffraction.3
rd ed, Prentice Hall, 
664p 
 
27.  Dammak, H., A. Dunlop and D. Lesueur (1999). Study of the irradiation-induced a o phase 
transformation in titanium: kinetics and mechanism. Phil. Mag. 79 (1) 147-166 
 
28.  Danagoulian, A., A. Klein, W.V. McNeil, and V.W. Yuan (2008). Sputtering yield of Pu 
bombarded by fission fragments from Cf. Laos Alamos Report: LA-UR-08-6382 
 111 
 
29.  Das, S.K. and M. Kaminsky (1974). Radiation bblistering of structural materials for fussion 
devices and reactors. J. Nucl. Mater., 53,115-126 
 
30.  Deane, A.M. (1961). The infra-red spectra and structures of some hydrated uranium trioxides 
and ammonium diuranates. J. Inorg. Nucl. Chem., 21 (3-4) 238-252  
 
31.  Demanet,  C.M.,  J.B.  Malherbe,  N.G.  van  der  Berg  and  V.  Sankar  (1995).  Atomic  force 
microscopy investigation of argon-bombarded InP: Effect of ion dose density. Surface and 
Interface Analysis. 23 (7-8) 433-439 
 
32.  Douglass, D.L. and S.E. Bronisz (1971). Alpha particle irradiation damage in ThO2. J. Amer. 
Ceram. Soc., 54(3):158-159 
 
33.  Drehman, A.J. 1987. Density and packing in uranium based metallic glasses. MRS                 
         Proceeding. 57, 283-292 
     
34.  Dresselhaus, M.S. and R. Kalish (1992). Ion implantation in diamond, graphite, and related 
materials.  1
st ed., Berlin, New York, Springer-Verlag, 202p. 
 
35.  Erents,  S.K.  and  G.M.  McCracken  (1973).  Blistering  of  molybdenum  under  helium  ion 
bombardment. Radiat Effect, 18, 191-198  
 
36.  Evans,  J.H.  (1971).  Blister  lid  thickness  measurements  –  A  discussion  in  terms  of  the 
interbuble fracture model of blister formation, J. Nucl. Mater., 93-94, 745  
 
37.  Eyre, B.L. (1973). Transmission electron microscope studies of point defect clusters in fcc 
and bcc metals. J. Phys. F: Metal Phys., 3,422-470 
 
38.  Frost, R.L., J. Cejka, M.L. Weier and W. Martens (2006). Spectrochim. Acta Part A, 63, 305 
 
39.  Garber, F. W., M. Y. Nakai, J. A. Harter and R. D. Birkhoff (1971).  Low-Energy Electron 
Beam Studies in Thin Aluminum Foils. J. Appl. Phys., 42(3) 1149-1158  
 
40.  Garrido, F., C. Choffel, J.C. Dran, L. Thorn and L. Nowicki, A. Turos (1997). Structural 
modifications in uranium dioxide irradiated with swift heavy ions. Nucl. Instr. and Meth. in 
Phys. Res. B, 127/128, 634-638   
 
41.  Golan,  G.,  E.  Rabinovich,  A.  Inberg,  A.  Axelevitch,  M.  Oksman,  Y.  Rosenwaks,  A. 
Kozlovsky, P.J. Rancoita, M. Rattagi, M. Seidman and N. Croitoru (2000). Atomic force 
microscopy investigation of dislocation structures and deformation characteristics in neutron 
irradiated silicon detectors. Proc. 22
nd Int. Conf. on Microelec. , Vol.1, Serbia, 14-17 May 
2000 
 
42.  Griffiths, M. (1993). Evolution of microstructure in hcp metals during irradiation. J. Nucl. 
Mat., 205, 225-241 
 
43.  Griffiths, M., Faulkner, D. and Styles, R.C. (1983). Neutron damage in ʱ –Titanium. J. Nucl. 
Mat., 119, 189-207 112 
 
44.  Gronvøld,  F.  (1955).  High  temperature  X-ray  study  of  uranium  oxides  in  the  UO2-U3O8 
region. J. of Inorg. and Nucl. Chem. 1, 357-370 
 
45.  Guseva, M.I. and Y.V. Martynenco (1981). Radiation blistering. Sov. Phys. Usp., 24(12) 996-
1007 
 
46.  Hasegawa A., E. Wakabayashi, K. Tanaka, K. Abe and S. Jitsukawa (2002). Evaluation of 
ductile-brittle transition behavior of helium-implanted reduced  activation  martensitic  steel 
F82H by miniature charphy specimen. CYRIC Annual report 2002. P 34-42.  
 
47.  Havancsak, K., L.P. Biro, J. Gyulai and Z. Illes (1997). STM and AFM investigations of 
surface structures following swift heavy ion irradiation. J. Nucl. Mater., 251, 139-144. 
 
48.  Hayashi, K., H. Kikuchi and K. Fukuda (1997). Radiation damage of UO2 by high-energy 
heavy ion.  J. Nucl. Mater., 248 (1) 191-195 
 
49.  Horcas, I., R. Fernández, J. M. Gómez-odríguez, J. Colchero, J. Gómez-Herrero, A.M. Baro, 
Rev. Sci. Instrum. 78, (2007) 013705 
 
50.  http://www.nanotec.es/ 
 
51.  http://www.sciner.com/Crystals/TiO2.htm 
 
52.  Ishino, S. (1997). A review of in situ observation of defect production with energetic heavy 
ions. J. Nucl. Mater., 251, 225-236 
 
53.  Jager, W. and J. Roth (1980). Microstructure of Ni and stainless steel after multiple energy 
He and D implantation. J. Nucl. Mater., 93&94,756-766 
 
54.  Johnson, P.B. and D.J. Mazey (1980). The gas-bubble superlatice and development of surface 
structure in He
+ and H
+ irradiated metals at 300K. J.  Nucl. Mater., 93&94, 721-727 
 
55.  Johnson, P.B. and D.J. Mazey (1982). The depth distribution of bubbles and fractures in He
+ 
and D
+ irradiated copper. J.  Nucl. Mater., 111&112, 681-686 
 
56.  Josell, D., D. Shechtman and D. Heerden (1995). Fcc titanium in Ti/Ni multilayers. Mat. 
Lett., 22, 275–279 
 
57.  K.F. Ludwig, C.R. Eddy, O. Malis and R.L. Headrick (2002). Si(100) surface morphology 
evolution during normal-incidence sputtering with 100-500 eV Ar+ ions, Appl. Phys. Lett., 
81, 2770 
 
58.  Kamigaki, N., S. Furuno, K. Hojou, E. Hashimoto, K. Izui and T. Kino (1992). Evolution of 
structural damage in aluminum alloys irradiated with helium ions. J. Nucl. Mater., 191 & 94, 
1214-1218. 
 
59.  Kaupp, G. (2006). Atomic Force Microscopy, scanning Nearfield Optical Microscopy and 
Nanoscartching. ISBN: 1434-4904, Springer, 292p. 113 
 
60.  Khalil, A.S., A.M. Stewart, M.C. Ridgway, L. T. Chadderton, D. J. Llewellyn and A.P. Byrne 
(2005).  Formation  of  Ion  Tracks  in  Single-Crystal  Indium  Phosphide  Irradiated  by  Swift 
Heavy Ions. Radiation Measurements, 40, 770–774 
 
61.  Kinchin, G.H. and R.S. Pease (1955). The displacement of atoms in solids by radiation. Rep. 
Prog. Phys., 18,1-151 
 
62.  King, R.T., L.E. Long, J.O. Stiegler and K. Farrell (1970). High-neutron fluence damage in 
an aluminum alloy. J. Nucl. Mat., 35, 231-243 
 
63.  Kirk, M.A. (1995). Production on defects in metals by collision cascades: TEM experiments. 
Mat. Res. Soc. Symp. Proc., Vol. 373, p. 47-56 
 
64.  Krauser,  J.,  J.H.  Zollondoz,  A.  Weidinger  and  C.  Trautmann  (2003).  Conductivity  of 
nanometer-sized ion tracks in diamond-like carbon films. J. Appl. Phys., 94(3)1959-1964 
 
65.  Liebe, D.,  K. Eberhardt, J.V. Kratz, P. Thorle, W. Hartmann, A. Hubner, B. Lommel, B. 
Kindler and J. Steiner (2008). Nucl. Instrum. and Meth. A, 590, 210. 
 
66.  Loveland, W.D., D.J. Morrissey and G.T. Seaborg (2006). Modern Nuclear Chemistry, John 
Wiley & Sons, Inc. 
 
67.  Lutjering,  G.  and  J.C.  William  (2007).  Titanium.  Fundamental  Aspects,  Ch.2,  p.13-50, 
Springer, New York 
   
68.  Mannelqvist, A. and M.R. Groth, (2001). Comparison of fractal analyses methods and fractal 
dimension for pre-treated stainless steel surfaces and correlation to adhesive joint strength. 
Appl. Phys. A, 73(3) 347-355  
 
69.  Mansur, L.K. and W.A. Coghlan (1983). Mechanism of helium interaction with radiation 
effects in metals and alloys: A review, J. Nucl. Mater., 119, 1  
70.  Marques,  L.A.,  M.J.  Caturla,  T.D.  Rubia  and  G.H.  Gilmer  (1996).  Ion  beam  induced 
recrystallization of amorphous silicon. J. Appl. Phys. 80, 6160-6169 
 
71.  Matzke, Hj. and L.M. Wang (1996). High-resolution transmission electron microscopy of ion 
irradiated irradiated uranium oxide, J. Nucl. Mater., 231, 155-161. 
 
72.  Matzke, Hj, P.G. Lucuta, and T. Wiss (2000). Swift heavy ion and fission damage effects in 
UO2. 166-167, 920-926 
 
73.  Matzke, Hj., V. Nitzki and C. Ronchi (1974). The crystallization of amorphous UO2. Thin 
Solid Films, 22, 75-82 
 
74.  Matzke, Hj. , P.G. Lucuta and T. Wiss (2000). Swift heavy ion and fission damage effects in 
UO2. J. Nulc. Instrum. Methods B. 166-167, 920-926. 
 
75.  Mazey, D.J., S. Francis and J.A. Hudson (1973). Observation of a partially-ordered void 
lattice in aluminum irradiated with 400 keV Al
+ ions. J. Nucl. Mater., 47, 137-142 114 
 
76.  Meis, C. and A. Chartier (2005). Calculation of the threshold displacement energy in UO2 
using ionic potentials.  J. Nucl. Mat., 341, 25-30 
 
77.  Merkle, K.L., L.R. Singer and K. Hart (1963). Fission-fragment damage in gold films. J. 
Appl. Phys., 34(9) 2800-2804 
 
78.  Meyer,  M.K.  and  J.L.  Snelgrove,  2005.  Joint  meeting  of  RERTR-2005  and  IGORR-10, 
Gaithersburg, Maryland, Sept. 12-16, 2005 
 
79.  Moreno, D. and D. Eliezer (1997). On the blister formation in copper alloys due to the helium 
ion implatation, Metalurgical and Mat. Trans. A., 28A, 755 
 
80.  Morita, S., R. Wiesendanger and E. Meyer (2004). Noncontact Atomic Force Microscopy. 1
st 
ed., 385-411. In: Bhusashan, B. (2004). Handbook of Nanotechnology, Springer, 1222p. 
 
81.  Nagy, P, B. Szabό, Z. Szabό,  Zs. Havancsák,  L.P. Biro and J. Gyulai (2001). A model for 
the hillock formation on graphite surfaces by 246 MeV Kr
+ ions. Ultramicroscopy, 86, 31-38 
 
82.  Nelson, R.S. (1972). The clustering of defects in irradiated semiconductors.  Proc. of the Int. 
Conference  of  the  Radiation  damage  and  Defects  in  Semiconductors:  19-21  July  1972, 
London and Bristol, p.140-158 
 
83.  Nogita, K. and K. Une (1999). High resolution TEM observation and density estimation of 
Xe bubbles in high burnup UO2 fuels. Nucl. Instrum. Meth. B., 141, 481-486  
 
84.  Norris, D.I.R. (1972a). Voids in irradiated materials (Part I).  Rad. Effect, 14, 1-37 
 
85.  Norris, D.I.R. (1972b). Voids in irradiated materials (Part II).  Rad. Effect, 15, 1-22 
 
86.  Ogiso, H. and H. Tokumoto (1998). Widely changing probability of surface damage creation 
induced by a single ion in the MeV ion energy range. J. Vac. Sci. Technol. B, 16(4):1914-
1917 
 
87.  Ohnuki, S., Y. Hidaka, H. Takahashi and A. Hishinuma (1992). Effect of helium on defect 
cluster formation in modified 316 stainless steel irradiated by electron/ion dual beams.  J. 
Nucl. Mater., 191-194, 1134-1138 
 
88.  Olander, D.L. (1976). Fundamental aspects of Nuclear Reactor Fuel Elements. USDE, TID-
26711-P1 
 
89.  Olivia, A.I., E. Anguiano and M. Aguilar (1999).  Fractal Dimension: Measure of coating 
quality. Surf. Eng., 15(2):101-104  
 
90.  Ono, K., H. Ogawa, S. Furuno, T. Kino, N. Kamigaki, K. Hojou, Shibatani, Y. Kageyama, K. 
Mizuno  and  K.  Ito  (1992).  Formation  of  interstitial  loops  on  transmutation  products  in 
aluminum. J. Nucl. Mater., 191-194, 1209-1213 
 115 
 
91.  Ono, K., M. Inoue, T.  Kino, S. Furuno and K. Izui (1985). Formation, coalescence AMD 
stability of helium bubbles in high purity aluminum and some dilute alloys,” J. Nucl. Mater. 
133-134, 477  
 
92.  Packan, N.H. (1971). Fluence and flux dependence of void formation in pure aluminum. J. 
Nucl. Mater., 40, 1-16 
 
93.  Park, J.M., H.J. Ryu, J.S. Park, S.J. Oh, C.K. Kim, Y.S. Kim and G.L. Hofman (2007). Phase 
Stability of U-Mo-Ti Alloys and Interdiffusion Behaviors of U-Mo-Ti/Al-Si. The RERTR-
2007  International  Meeting  on  Reduced  Enrichment  for  Research  and  Test  Reactors. 
September 23-27, 2007, Prague, Czech Republic 
 
94.  Parker, W., H. Bildstein and N. Getoff (1964). Molecular plating I: A rapid and quantitative 
method for the electrodeposition of thorium and uranium. Nucl. Instr. and Meth. 26, 55-60 
 
95.  Pavlov, P.V. N.A., Genkina, E.V. Shitova and D.I. Tetelbaum (1975). The role of radiation 
damage in the crystallzation kinetics of thin amorphous dielectric layers. Phys. Stat. Sol., 29, 
303-307  
 
96.  Qiu, S.R., C. Amrein, M.L. Hunt, R. Pfeffer, B. Yakshiskiy, L. Zhang, T.E. Madey and J.A. 
Yarmoff (2001). Characterization of uranium oxide thin films grown from solution onto Fe 
surfaces. Appl. Surf. 181, 211-224 
 
97.  Rocanière, J.P. Laval, Ph.Dehaudt, B. Gaudreau, A. Chotard, and E. Suard. Structural study 
of (U0.90Ce0.10)4O9-ʴ, an anion-excess fluorite superstructure of U4O9-ʴ type. J. of Solid State 
Chem. 177 (2004) 1758–1767 
 
98.  Roth, J., R. Behrisch and B.M.U. Scherzer (1974). Blistering of niobium due to 0.5 to 9 keV 
helium and hydrogen bombardment. J. Nucl. Mater., 53, 147-153 
 
99.  Rubia,  T.D.,  N.  Soneda,  M.J.  Caturla  and  E.A.  Alonso  (1997).  Defect  production  and 
annealing kinetics in elemental metals and semiconductors. J. Nucl. Mater., 251, 13-33 
 
100.  Sabathier, C., L. Vincent, P. Garcia, F. Garrido, G. Carlot, L. Thome, P. Martin and C. Valot 
(2008). In situ TEM study of temperature-induced fission product precipitation in UO2.   J. 
Nulc. Instrum. Methods B., 266, 3027-3032 
 
101.  Sadi, S., A. Paulenova, P.R. Watson, W. Loveland (2007). Microstructure damage of thin 
aluminum films by irradiation with alpha particles and fission fragments. Advanced nuclear 
fuel cycles and systems (GLOBAL 2007), Boise - Idaho (United States), 9-13 Sep 2007, 
1380-1384 
 
102.  Sadi, S., A. Paulenova,  P.R. Watson, W. Loveland (2011a). Growth and surface morphology 
of uranium films during molecular plating. Nucl. Instr. and Meth. A, 655, 80-84 
 
103.  Sadi, S., A. Paulenova, W.D. Loveland, P.R. Watson, J.P. Greene and G.P. Zinkann (2011b). 
Microstructure damage of titanium films by irradiation with fission fragments. Nucl. Instr. 
Meth. B,  269, 3230-3232 116 
 
 
104.  Santos,  L.R.,  M.E.  Sbampato  and  A.M.  dos  Santos  (2004).  Characterization  of 
electrodeposited uranium film. Radioanal. and Nucl. Chem., 261(1) 203-209 
 
105.  Scherzer, B.M.U (1983). Development of surface topography due to gas ion implantation: on 
Topic in Applied Physics: Sputtering by Particle Bombardment II, Editor R. Behrisch, 52, 
397p., Springer-Verlag, ISBN:0-387-12593-0  
 
106.  Singh, J.P., R. Singh, N.C. Misra and D. Kanjilal (2001). Temperature-dependent roughness 
of electronically excited InP surfaces. J. Appl. Phys., 90 (12) 5968-5972 
 
107.  Shipp, J.D., R.R. Hart, M. Saglam, K. Unlu and B.W. Wehring (1999). The effects of alpha 
particle  irradiation  on  stainless  steel.  Amarillo  National  Resource  Center  for  Plutonium 
Report. Department of Nuclear Engineering Texas A&M University. ANRCP-1999-2, 1 June 
1999, 17p. 
 
108.  Skuratov, V.A., S.J. Zinkle, A.E. Efimov and K. Havancsak (2003). Swift heavy ion-induced 
modification of Al2O3 and MgO surfaces. J. Nucl. Instr. Meth. B, 203, 136–140 
 
109.  Smentkowski, V.S. (2000). Trends in sputtering. Progress in Surf. Sci., 64: 1-58 
 
110.  Sonwane, C.G., S.K. Bhatia and N.J. Calos (1999).  Langmuir, 15, 4603. 
 
111.  SRS Report (1978). 252-Cf Radiation Blisters Platinum Alloy Surfaces, in: Californium-252 
Progress, 22, 27  
 
112.  Takahiro, K., K. Zhang, F. Rotter, D. Schwen, C. Ronning, H. Hofsa and J. Krauser (2007). 
Morphological change of carbon surfaces by sputter erosion. Nucl. Instr. and Meth. B, 256, 
378–382  
113.  Takamura, J., Y. Shirai, K. Furukawa and F. Nakamura (1987). Nucleation process of voids 
and other vacancy clusters in some metals and alloys. Mat. Sci. Forum, 15-18, 809-828 
 
114.  Tepper, T., D. Shechtman, D. Heerden and D. Josell (1997). Fcc titanium in titanium/silver 
multilayers. Mat. Lett., 33, 181–184 
 
115.  Terreault B. (1980). When are blistering or flaking repetitive? J. of Nucl. Matter. 93&94:707-
712. 
 
116.  Thakurdesai, M., D. Kanjilal and V. Bhattacharyya (2008). Formation of nano-hillocks by 
impact of swift heavy ions on thin films of TiO2. Appl. Surf. Sci. 254, 4695–4700 
 
117.  Thein, S.M. and P. J. Bereolos (2000).  Thermal Stabilization of 
233UO2, 
233UO3, and 
233U3O8, 
ORNL/TM-2000/82 
 
118.  Thomas, G.J. and W. Bauer (1974). Surface deformation in He and H implanted metals. J. 
Nucl. Mater., 53:134-141 
 117 
 
119.  Toulemonde, M., W. Assmann, C. Trautmann, F. Gruner, H.D. Mieskes, H. Kucal and Z.G. 
Wang  (2003).  Electronic  sputtering  of  metals  and  insulators  by  swift  heavy  ions.  Nucl. 
Instrum. and Meth. B, 212: 346–357 
          
120.  Trzaska,  W.H.,  G.N.  Knyazheva,  J.  Perkowski,  J.  Andrezeweski,  S.V.  Khlebnikov,  E.M. 
Kozulin, V.G. Lyapin, T. Malkiewcz and M. Mutterer (2009). Energy loss of 
132Xe-ions in 
thin foils. Nucl. Instr. Meth. B, 267, 3403-3408 
 
121.  Vajda, P. (1977). Anisotropy of electron radiation damage in metal crystals. Rev. Mod. Phys., 
49, 481 - 521  
 
122.  Vatulin, A.V., A.V. Morozov, V.B. Suprun, Y.I. Petrov and Y.I. Trifonov (2004) - High 
Denity U-Mo fuel for Research Reactors. Metal Science and Heat Treatment. 46, 484-489 
 
123.  Veen, A. (1991). Helium defect interactions in metals and silicon. In Fundamental aspects of 
inert gases in solids. S.E. Donnelly and J.H. Evans. (ed.) New York: Plenum Press, 473p. 
 
124.  Vega, L.R., R. Trejo-Lunaa, J. Rickards, L. Banos and C. Falcony (2005). The effects of 
implanting various high energy ions into Ti and Ti–6Al–4V. Surface & Coatings Technology. 
196, 257-261 
 
125.  Vickerman, J.C. (1999). Surface Analysis: The Principal Techniques. 3
rd ed., Jhon Wiley & 
Sons, 457p. 
 
126.  Vladimirov, B.G., M.I. Guseva, E.S. Ionova, A.N. Mansurova, Yu.V. Martynenko and A.I. 
Rjazanov (1980). Blistering of stainless steel under simultaneous D
+ and He
+ ions irradiation. 
J. Nucl. Mater., 93&94:734-738 
 
127.  Wachs, D.M. (2007). RERTR Fuel Development and qualification Plan. INL/EXT-05-01017 
 
128.  Was, G.S. 2007. Fundamental of Radiation Materials Science. Springer. 849p. 
 
129.  Watson, P.R., W. Loveland, P.M. Zielinski, K.E. Gregorich and H. Nitsche (2004). Change in 
surface  composition  and  morphology  of  UF4  targets  during  heavy  ion  irradiation,”  Nucl. 
Instr. and Meth. B., 226, 543  
 
130.  Wehner,  G.K.  (1983).  Whisker  growth  and  cone  formation  on  metal  surface  under  ion 
bombardment. Appl. Phys. Lett., 43(4) 366-367  
 
131.  Wiss, T. Hj. Matzkle, C. Trautmann, M. Toulemonde and S. Klaumiinzer (1997). Radiation 
damage of UO2 by swift heavy ions. J. Nulc. Instrum. Methods B. 122, 583-588. 
 
132.  Wolfer,  W.G.  (1980).  The  role  of  gas  pressure  and  lateral  stress  on  blistering.  J.    Nucl. 
Mater., 93&94,713-720 
 
133.  Woo,  O.T.,  G.J.C.  Carpenter  and  C.D.  Cann  (1982).  Dislocation  loops  in  bismuth-ion 
irradiated alpha-titanium. J. Nucl. Mat., 105, 326-330 
 118 
 
134.  Zhang,  C.H.,  T.  Shibayama,  Y.F.  Jin,  Y.T.  Yang,  L.H.  Zhou  and  Y.    Song  (2007). 
Microstructural evolution in silicon implanted with chlorine ions. Nucl. Instr. and Meth. B, 
256, 272–275 
 
135.  Zhang, D.L. and D.Y. Ying (2001). Formation of fcc titanium during heating high-energy, 
ball-milled Al–Ti powders. Mat. Lett., 50 149–153 
 
136.  Zhao, Y., G.C. Wang, and T.M. Lu (2001). Characterization of Amorphous and Crystalline 
Rough Surface: Principles and Applications. In the Experimental Methods in the Physical 
Science. Vol. 37, editors: Celotta, R. and Lucatorto, T., Academic Press, San Diego 
 
137.  Zhi, Q., G. Junsheng and G. Zaiquo (2001). Preparation of the thicker americium targets by 
molecular plating  Appl. Radiat. Isot., 54, 741-744 
 
138.  Ziegler, J.F., J.P. Biersack and U. Littmark (1985). The Stopping and Range of Ions in Solids, 
Pergamon Press 
 
139.  Zinkle, S.J. (1989). Microstructural characterization of Al2O3 following simultaneous triple 
ion bombardment. Mal. Res. Soc. Symp. Proc. 128, 363-368 
 
140.  Zinkle, S.J. and C. Kinoshita (1997). Defect production in ceramic. J. Nucl. Mat., 251, 200-
217 
 
141.  Zollond, Z.H. and A. Weidinger (2004). Towards new applications of ion tracks. Nucl. Instr. 
Meth. Phys. Res. B., 225 178  
 
 
  
 
 
 
 
 
 
APPENDIX I 
(Example of Surface Damage from Literature Review) 
 
Irradiation damage on some solids at room temperature: 
Table 2.1a Irradiation damage by alpha irradiation 
Table 2.1b Irradiation damage by fission fragment irradiation 
Table 2.1c Irradiation damage by energetic heavy ion irradiation 
Table 2.1d Irradiation damage by neutron irradiation 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Table 2.1a  Irradiation damage by alpha irradiation 
Targets  Thickness 
(m) 
Source  E 
(keV) 
(dE/dx)e 
[MeV.cm
2/mg] 
Fluences 
[ions/cm
2] 
Dose** 
[kGy] 
Damage  Ref 
  Z  (cm
-2)  Dia. (nm) 
Cu  29  200  He  30  1.64 x10
-1  4.0 x 10
17  8.11 x 10
6  10
19 bubbles  2  1 
Ti  22  200  He  30  3.25 x10
-1  1.5 x 10
18  6.25 x 10
7  10
19 bubbles  3  1 
Ni  28  100  He  0.25  1.71 x10
-2  1.0 x 10
17  1.10 x 10
7  10
19 bubbles  2  2 
Nb  41  n/a  He  4  8.36 x10
-2  6.0 x 10
17  8.00 x 10
6  Blisters  250 
(blister thickness 
=50nm) 
6 
Al  13  bulk  He  40  5.53 x10
-1  3.0 x 10
18  2.57 x 10
8  Exfoliation  n/a  7 
SS*  n/a  n/a  He  40 
(T=500
oC) 
n/a  1.0 x 10
18  -  2.3 x 10
7 blisters  n/a  8 
W  74  n/a  Cf-252 
Pu-238 
- 
- 
- 
- 
2 (2x10
12)   -  No craters 
/holes 
n/a 
5 
Cu  29  500  He  10  8.14 x10
-2  4.0 x 10
17  5.22 x 10
6  blisters  790  10 
CuBe  
annealed  -  400  He  10  1.23 x10
-1  4.0 x 10
17  7.90 x 10
6  blisters  890  10 
CuBe  
rolled  -  130  He  10  1.23 x10
-1  4.0 x 10
17  7.90 x 10
6  blisters  750  10 
Table 2.1b Irradiation damage by fission fragment irradiation 
Au  79  0.05-
0.08 
Thermal 
neutron 
U-235 
(4-10)x10
4 
(T=50-60
oC) 
1.770  2.5 x 10
12  708  6.3x10
13  
black spots 
2-30  3 
HOPG* 
 
-  1000  Xe
+  5  5.36 x10
-1  2 x 10
17  1.72 x 10
7  Ripples  Ripple spacing 
=100nm 
Height hills-
valleys=60nm 
9 
Si  14  n/a  Ne  n/a  n/a  9 x 10
11  n/a  2.5x10
11  
black spots 
2-14  4 
Si  14  n/a  P
+  80  1.188  3 x 10
14   9.04x10
4  8.0x10
11 loops  < 50  4 
W  74  n/a  Cf-252  (4-10) x10
4 
(covered with Ni 
200m/cm
2) 
n/a  1.3 x 10
11  n/a  Crater/zones 
 
7-15  5 
*SS = stainless steel;  HOPG = highly-oriented pyrographite;  **Doses were calculated based on Monte Carlo SRIM2006  
 
References: 
1) Johnson et al., 1980      5) Aleksandrov et al.1980     9) Takahiro et al.2007   
2) Jager, W. and Roth, J. (1980)   6) Roth et al.1974      10) Moreno and Eliezer, 1997 
3) Merkle et al. 1963     7) Braun et al.1979 
4) Nelson, 1972       8) Vladimirov, et al.1980  
 
 
 
 
 
 
 
Table 2.1c Irradiation damage by energetic heavy ion irradiation 
Targets  Thicknes 
(m) 
Source  E 
(MeV) 
(dE/dx)e 
[MeV.cm
2/m
g] 
Fluences 
[ions/cm
2] 
Dose** 
[kGy] 
Damage  Ref 
  Z  (cm
-2)  D (nm)  H 
(nm) 
HPOG  -  Bulk  Ne  215    1.0 x 10
12    hillocks   100-300  ~2.5  11 
HPOG    Bulk  Kr  209    1.0 x 10
12    5x10
9 hills  
1x10
10 holes  
long tracks 
30 
20 
30 
0.8 
3.5 
0.8 
12 
HPOG  -  Bulk  Xe  0.005    2.0 x 10
17    ripples   RS  = ~100  A=40 
 
13 
HPOG  -  Bulk  Si  3.1    1.9 x 10
11    4.4x10
9 dots   n/a  n/a  20 
HPOG  -  Bulk  Cu  3.1    1.9 x 10
11    3.8x10
10dots   n/a  n/a  20 
HPOG  -  Bulk  As  3.1    1.9 x 10
11    5.3x10
10dots   n/a  n/a  20 
HPOG  -  Bulk  Sr  3.1    1.9 x 10
11    8.2x10
10dots   n/a  n/a  20 
HPOG  -  Bulk  Ag  3.1    1.9 x 10
11    8.8x10
10dots   n/a  n/a  20 
HPOG  -  Bulk  Au  3.1    1.9 x 10
11    1.1x10
11dots   n/a  n/a  20 
Diamond  -  40-
700 
Au 
U 
340 
1000 
  2.0 x 10
10 
2.0 x 10
10 
  Small 
hillocks 
25  2-4  22,
23 
Diamond  -  Bulk  Xe  0.005    2.0 x 10
17    Smoother  
No ripples 
RMS= 0.36 
to 0.16 nm 
-  13 
C   6  Bulk  Xe  0.005    2.0 x 10
17    Smoother  
No ripples 
RMS= 0.20 
to 0.14 nm 
-  13 
Si  14  Bulk  Kr  209    1.0 x 10
12    Hills 
( No tracks) 
10-100 
 
2  12 
Si  14  n/a  Ar
+  1.2x10
-3    4.0 x 10
14     Dot formations  n/a  n/a  17 
Al  13  n/a 
Ar
+  0.008 
( θ =70
o)   
80 min, 
100/cm
2 
  Hillock  5m  n/a  16 
Zn  30  n/a  Ar
+  0.008 
( θ =75
o)    n/a   
Elongated lines 
or grooves 
n/a  n/a  16 
Au   79  500  Ar
+  0.008 
(θ=60&70
o) 
  n/a 
(30&120 min) 
  Hillocks 
Ripple-like 
grooves 
n/a  n/a  16  
11). Biro & Gyulai, 1995     17). Ludwig et al., 2002    23) Zollond snd Weidinger, 2004 
12). Havancsak et al., 1997    18). Khalil et al. 2005    24). Packan, 1971   
13). Takahiro et al., 2007    19). Singh et al., 2001    25). Brimhall et al., 1971 
14). Skuratov et al., 2001    20). Ogiso & Tokumoto, 1998  26. Gollan et al., 2000 
15). Skuratov et al., 2003    21) Demanet et al., 1995 
 
 
 
 Table 2.1c Irradiation damage by energetic heavy ions irradiation (Continue) 
Targets  Thicknes 
(m) 
Source  E 
(MeV) 
(dE/dx)e 
[MeV.cm
2/
mg] 
Fluences 
[ions/cm
2] 
Dose** 
[kGy] 
Damage  Ref 
  Z  (cm
-2)  D (nm)  H 
(nm) 
Mica  -  Bulk  Kr  209    1.0 x 10
12    Hills 
(+ tracks) 
10-100  20  12 
Al2O3  -  - 
Kr  
Xe 
 Bi 
305 
595 
710 
  10
11 - 10
12   
hillocks  
(tracks+ 
crater) 
20-30  2-3  14,
15 
InP  -  n/a  Au  200    1.0 x 10
14    rougher  Conical 
structures 
n/a  18,
19 
InP  -  n/a  Ar
+  (0.5-5)x10
-3 
( θ =71&41
o) 
  (4-6) x 10
18     Rougher 
Ripples 
(5-23)10
9cones 
~40  ~12  21 
                       
Table 2.1d Irradiation damage by neutron irradiation 
                       
                       
Al  13  500  n  > 0.1 
( T =50
o) 
  1.6 x 10
21 
 
  4x10
14voids 
2x10
14loops 
Swelling = 2%   
495 
- 
- 
- 
- 
- 
24 
Ti    75  n  > 0.1 
( T =450
o) 
  3.0 x 10
21    2.5x10
15loops 
Dislocl. lines 
No voids  
20-150 
- 
- 
- 
- 
- 
25 
Rh    75  n  > 0.1 
(T=1040-
1050
oC) 
  1.0 x 10
21    voids 
2x10
14loops 
Swelling = 2%   
495 
- 
- 
- 
- 
- 
25 
Si  14  n/a  n  -    4.0 x 10
13    Dislocl. loops 
Voids  
Rouher 
- 
- 
- 
- 
- 
- 
26  
 
 
 
 
 
 
 
 
 
 
 
Appendix II 
Dose calculation of the fission fragments from Cf-252 source  
 
Table 1.1. Stopping Power and Range of Fission Fragments of Cf-252 in the Gold
Nuclide A1 Z1 %Yield A2 Z2 TKE TKE E1 dE/dx in Au Proj. Range in Au dE/dx in Al Proj. Range in Al Eout, Au
[Joule] [MeV] [MeV] [MeV/(mg/cm
2)] [um] [MeV/(mg/cm
2)] [um] [MeV]
28Mg 28 12 7.10E-05 224 86 1.452E-11 9.061E+01 80.542 3.81 11.09 9.02 30.37 79.591
43K 43 19 1.10E-04 209 79 2.038E-11 1.272E+02 105.501 7.85 8.59 18.93 22.85 103.539
66Ni 66 28 6.80E-05 186 70 2.576E-11 1.608E+02 118.684 12.33 7.93 30.72 20.79 115.601
72Zn 72 30 6.20E-05 180 68 2.666E-11 1.664E+02 118.850 13.32 7.18 33.33 18.57 115.520
77As 77 33 8.80E-03 175 65 2.791E-11 1.742E+02 120.985 14.57 6.94 36.58 17.97 117.343
78As 78 33 1.97E-03 174 65 2.789E-11 1.741E+02 120.200 14.51 6.95 36.45 17.96 116.573
83Br 83 35 2.14E-02 169 63 2.857E-11 1.783E+02 119.582 15.26 6.99 38.50 18.03 115.767
83Kr 83 36 - 169 62 2.892E-11 1.805E+02 121.046 15.34 6.67 38.67 17.23 117.211
84Kr 84 36 - 168 62 2.890E-11 1.804E+02 120.251 15.28 6.67 38.57 17.22 116.431
86Kr 86 36 - 166 62 2.886E-11 1.801E+02 118.669 15.17 6.69 38.36 17.21 114.877
89Sr 89 38 0.32 163 60 2.943E-11 1.837E+02 118.822 16.06 6.50 40.71 16.69 114.807
90Sr 90 38 - 162 60 2.941E-11 1.836E+02 118.028 15.96 6.51 40.50 16.68 114.038
91Sr 91 38 0.59 161 60 2.940E-11 1.835E+02 117.237 15.86 6.51 40.29 16.68 113.272
92Sr/
92Y 92 38 - 160 60 2.938E-11 1.834E+02 116.448 15.76 6.52 40.08 16.67 112.508
93Y 93 39 0.83 159 59 2.964E-11 1.850E+02 116.728 15.76 6.56 40.11 16.76 112.788
95Zr 95 40 1.37 157 58 2.985E-11 1.864E+02 116.101 15.24 6.85 38.86 17.60 112.291
97Zr 97 40 1.82 155 58 2.983E-11 1.862E+02 114.521 15.00 6.87 38.34 17.59 110.771
99Mo 99 42 2.59 153 56 3.021E-11 1.886E+02 114.509 16.54 6.27 42.35 16.02 110.374
101Mo 101 42 4.1 151 56 3.019E-11 1.885E+02 112.927 16.31 6.28 41.85 16.01 108.849
105Rh/
105Ru 105 45 7.59 147 53 3.057E-11 1.909E+02 111.330 16.68 6.11 42.99 15.61 107.160
109Pd 109 46 6.24 143 52 3.063E-11 1.912E+02 108.501 16.44 6.07 42.59 15.47 104.391
111Ag 111 47 4.84 141 51 3.068E-11 1.915E+02 107.158 17.43 5.81 45.30 14.87 102.801
112Pd 112 46 4.07 140 52 3.061E-11 1.911E+02 106.155 16.04 6.07 41.74 15.43 102.145
113Ag 113 47 4.21 139 51 3.067E-11 1.914E+02 105.597 17.18 5.82 44.77 14.85 101.302
115Cd 115 48 2.54 137 50 3.070E-11 1.916E+02 104.172 15.97 5.97 41.75 15.20 100.180
117In 117 49 1 135 49 3.070E-11 1.916E+02 102.665 15.81 5.92 41.47 15.07 98.713
121Sn 121 50 0.142 131 48 3.068E-11 1.915E+02 99.543 15.36 5.86 40.57 14.89 95.703
125Sn 125 50 9.30E-03 127 48 3.067E-11 1.915E+02 96.487 14.82 5.85 39.42 14.80 92.782
127Sb 127 51 0.13 125 47 3.063E-11 1.912E+02 94.849 14.62 5.78 39.04 14.64 91.194
129Sb 129 51 0.615 123 47 3.063E-11 1.912E+02 93.336 14.36 5.78 38.49 14.59 89.746
131I 131 53 1.27 121 45 3.048E-11 1.903E+02 91.369 15.75 5.56 42.42 14.05 87.432
132Te 132 52 2.27 120 46 3.058E-11 1.909E+02 90.887 14.05 5.70 37.92 14.40 87.375
133I 133 53 3.78 119 45 3.049E-11 1.903E+02 89.874 15.46 5.55 41.82 14.01 86.009
134I 134 53 4.2 118 45 3.049E-11 1.903E+02 89.128 15.31 5.55 41.52 13.99 85.301
135I 135 53 4.16 117 45 3.050E-11 1.904E+02 88.384 15.24 5.53 41.35 13.93 84.574
136Xe 136 54 - 116 44 3.039E-11 1.897E+02 87.309 16.40 4.95 44.68 12.27 83.209
137Cs 137 55 4.4 115 43 3.025E-11 1.888E+02 86.169 13.62 5.50 37.22 13.90 82.764
138Cs 138 55 5.62 114 43 3.025E-11 1.889E+02 85.433 13.50 5.49 36.96 13.87 82.058
139Ba 139 56 5.96 113 42 3.009E-11 1.878E+02 84.233 13.27 5.40 36.47 13.68 80.916
140Ba 140 56 6.32 112 42 3.010E-11 1.879E+02 83.504 13.15 5.39 36.22 13.64 80.216
141Ce 141 58 5.9 111 40 2.970E-11 1.854E+02 81.649 13.06 5.23 36.12 13.28 78.384
142Ce 143 58 7.04 109 40 2.971E-11 1.854E+02 80.214 12.87 5.20 35.74 13.17 76.997
143Ce 144 58 - 108 40 2.972E-11 1.855E+02 79.498 12.75 5.18 35.49 13.14 76.310
147Nd 147 60 4.34 105 38 2.923E-11 1.824E+02 76.021 13.15 4.98 37.05 12.47 72.733
149Pm 149 61 2.65 103 37 2.895E-11 1.807E+02 73.867 12.42 5.07 35.24 12.87 70.762
151Pm 151 61 2.18 101 37 2.897E-11 1.808E+02 72.483 12.15 5.05 34.66 12.79 69.445
153Sm 153 62 1.35 99 36 2.867E-11 1.790E+02 70.314 11.76 4.72 33.82 11.97 67.374
156Eu 156 63 0.7 96 35 2.836E-11 1.770E+02 67.443 12.84 4.35 37.32 10.84 64.233
161Tb 161 65 0.15 91 33 2.766E-11 1.726E+02 62.341 12.13 4.13 36.01 10.22 59.308
166Dy 166 66 1.80E-02 86 32 2.731E-11 1.705E+02 58.174 11.55 3.91 34.98 9.70 55.286
169Er 169 68 1.72E-03 83 30 2.643E-11 1.650E+02 54.335 10.29 3.95 31.72 9.79 51.762
172Tm 172 69 4.40E-04 80 29 2.598E-11 1.622E+02 51.477 10.25 3.55 32.09 8.79 48.915
174Tm 174 69 4.00E-04 78 29 2.602E-11 1.624E+02 50.266 9.96 3.51 31.41 8.70 47.776
175Yb 175 70 2.30E-04 77 28 2.550E-11 1.592E+02 48.642 9.83 3.35 31.26 8.29 46.185
177Lu 177 71 9.60E-05 75 27 2.498E-11 1.560E+02 46.414 9.40 3.24 30.29 8.04 44.064 
 
Table 1.2. Stopping Power and Range of Fission Fragments of Cf-252 in the Aluminum
Nuclide A1 Z1 %Yield Ein (dE/dx)e in Al Proj. Range in Al Eout, Al
[MeV] [MeV/(mg/cm
2)] [m] [MeV]
28Mg 28 12 7.10E-05 79.591 9.06 29.98 74.698
43K 43 19 1.10E-04 103.539 19.01 22.46 93.274
66Ni 66 28 6.80E-05 115.601 30.66 20.60 99.045
72Zn 72 30 6.20E-05 115.520 33.20 18.20 97.592
77As 77 33 8.80E-03 117.343 36.36 17.60 97.708
78As 78 33 1.97E-03 116.573 36.22 17.60 97.014
83Br 83 35 2.14E-02 115.767 38.18 17.66 95.150
83Kr 83 36 0 117.211 38.49 16.86 96.427
84Kr 84 36 0 116.431 38.38 16.85 95.706
86Kr 86 36 0 114.877 38.15 16.84 94.276
89Sr 89 38 0.32 114.807 40.31 16.32 93.039
90Sr 90 38 0 114.038 40.10 16.32 92.384
91Sr 91 38 0.59 113.272 39.89 16.31 91.731
92Sr/
92Y 92 38 0 112.508 39.68 16.31 91.081
93Y 93 39 0.83 112.788 39.67/39.81 16.4/16.34 91.366
95Zr 95 40 1.37 112.291 38.36 17.24 91.577
97Zr 97 40 1.82 110.771 37.85 17.22 90.332
99Mo 99 42 2.59 110.374 41.82 15.66 87.791
101Mo 101 42 4.1 108.849 41.31 15.65 86.542
105Rh/
105Ru 105 45 7.59 107.160 42.35/4173 15.25/15.40 84.291
109Pd 109 46 6.24 104.391 41.92 15.11 81.754
111Ag 111 47 4.84 102.801 44.63 14.51 78.701
112Pd 112 46 4.07 102.145 41.09 15.08 79.956
113Ag 113 47 4.21 101.302 44.12 14.50 77.477
115Cd 115 48 2.54 100.180 41.06 14.84 78.007
117In 117 49 1 98.713 25.55 23.71 84.916
121Sn 121 50 0.142 95.703 25.03 23.41 82.186
125Sn 125 50 9.30E-03 92.782 38.74 14.46 71.862
127Sb 127 51 0.13 91.194 38.37 14.30 70.474
129Sb 129 51 0.615 89.746 37.84 14.24 69.313
131I 131 53 1.27 87.432 41.57 13.70 64.984
132Te 132 52 2.27 87.375 37.26 14.06 67.254
133I 133 53 3.78 86.009 40.97 13.67 63.885
134I 134 53 4.2 85.301 40.67 13.65 63.339
135I 135 53 4.16 84.574 40.37 13.63 62.774
136Xe 136 54 0 83.209 27.79 19.23 68.203
137Cs 137 55 4.4 82.764 36.56 13.56 63.021
138Cs 138 55 5.62 82.058 36.31 13.53 62.451
139Ba 139 56 5.96 80.916 35.84 13.34 61.562
140Ba 140 56 6.32 80.216 35.59 13.31 60.997
141Ce 141 58 5.9 78.384 35.48 12.95 59.225
142Ce 143 58 7.04 76.997 35.09 12.84 58.048
143Ce 144 58 0 76.310 34.84 12.81 57.497
147Nd 147 60 4.34 72.733 23.13 19.45 60.243
149Pm 149 61 2.65 70.762 22.10 20.00 58.828
151Pm 151 61 2.18 69.445 33.90 12.47 51.139
153Sm 153 62 1.35 67.374 33.17 11.66 49.462
156Eu 156 63 0.7 64.233 36.34 10.53 44.609
161Tb 161 65 0.15 59.308 34.95 9.91 40.435
166Dy 166 66 1.80E-02 55.286 33.99 9.40 36.932
169Er 169 68 1.72E-03 51.762 32.76 8.87 34.072
172Tm 172 69 4.40E-04 48.915 31.10 8.51 32.121
174Tm 174 69 4.00E-04 47.776 30.43 8.41 31.344
175Yb 175 70 2.30E-04 46.185 30.33 8.00 29.807
177Lu 177 71 9.60E-05 44.064 29.36 7.77 28.210 
 
Table 1.3. FF Dose of Cf-252 [Gy]
Irrad. time 100 hr 150 hr 250 hr 300 hr 350 hr
f [ff/cm
2] 2.49E+08 3.83E+08 6.38E+08 7.59E+08 8.85E+08
2.57E-04 3.94E-04 6.57E-04 7.82E-04 9.12E-04
8.36E-04 1.28E-03 2.14E-03 2.54E-03 2.96E-03
8.33E-04 1.28E-03 2.13E-03 2.54E-03 2.96E-03
8.22E-04 1.26E-03 2.10E-03 2.50E-03 2.92E-03
1.28E-01 1.96E-01 3.27E-01 3.89E-01 4.54E-01
2.85E-02 4.37E-02 7.29E-02 8.68E-02 1.01E-01
3.26E-01 5.01E-01 8.35E-01 9.94E-01 1.16E+00
0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
5.15E+00 7.90E+00 1.32E+01 1.57E+01 1.83E+01
0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
9.40E+00 1.44E+01 2.40E+01 2.86E+01 3.34E+01
0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1.32E+01 2.02E+01 3.36E+01 4.00E+01 4.67E+01
2.10E+01 3.22E+01 5.37E+01 6.39E+01 7.45E+01
2.75E+01 4.22E+01 7.04E+01 8.38E+01 9.77E+01
4.33E+01 6.64E+01 1.11E+02 1.32E+02 1.54E+02
6.77E+01 1.04E+02 1.73E+02 2.06E+02 2.40E+02
1.28E+02 1.97E+02 3.28E+02 3.91E+02 4.56E+02
1.05E+02 1.60E+02 2.67E+02 3.18E+02 3.71E+02
8.63E+01 1.32E+02 2.21E+02 2.63E+02 3.06E+02
6.68E+01 1.02E+02 1.71E+02 2.03E+02 2.37E+02
7.42E+01 1.14E+02 1.90E+02 2.26E+02 2.63E+02
4.17E+01 6.39E+01 1.07E+02 1.27E+02 1.48E+02
1.02E+01 1.57E+01 2.61E+01 3.11E+01 3.62E+01
1.42E+00 2.18E+00 3.63E+00 4.32E+00 5.04E+00
1.44E-01 2.21E-01 3.68E-01 4.38E-01 5.11E-01
1.99E+00 3.06E+00 5.09E+00 6.07E+00 7.07E+00
9.30E+00 1.43E+01 2.38E+01 2.83E+01 3.30E+01
2.11E+01 3.24E+01 5.39E+01 6.42E+01 7.48E+01
3.38E+01 5.18E+01 8.64E+01 1.03E+02 1.20E+02
6.19E+01 9.49E+01 1.58E+02 1.88E+02 2.20E+02
6.83E+01 1.05E+02 1.74E+02 2.08E+02 2.42E+02
6.71E+01 1.03E+02 1.72E+02 2.04E+02 2.38E+02
0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
6.43E+01 9.86E+01 1.64E+02 1.96E+02 2.28E+02
8.15E+01 1.25E+02 2.08E+02 2.48E+02 2.89E+02
8.54E+01 1.31E+02 2.18E+02 2.60E+02 3.03E+02
8.99E+01 1.38E+02 2.30E+02 2.74E+02 3.19E+02
8.36E+01 1.28E+02 2.14E+02 2.55E+02 2.97E+02
9.87E+01 1.51E+02 2.52E+02 3.00E+02 3.50E+02
0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
4.01E+01 6.15E+01 1.03E+02 1.22E+02 1.42E+02
2.34E+01 3.59E+01 5.98E+01 7.12E+01 8.30E+01
2.95E+01 4.53E+01 7.55E+01 8.99E+01 1.05E+02
1.79E+01 2.74E+01 4.57E+01 5.45E+01 6.35E+01
1.02E+01 1.56E+01 2.60E+01 3.09E+01 3.61E+01
2.09E+00 3.21E+00 5.35E+00 6.38E+00 7.43E+00
2.44E-01 3.75E-01 6.25E-01 7.44E-01 8.67E-01
2.25E-02 3.45E-02 5.76E-02 6.85E-02 7.99E-02
5.47E-03 8.39E-03 1.40E-02 1.66E-02 1.94E-02
4.86E-03 7.46E-03 1.24E-02 1.48E-02 1.73E-02
2.79E-03 4.27E-03 7.12E-03 8.48E-03 9.89E-03
1.13E-03 1.73E-03 2.88E-03 3.43E-03 4.00E-03
Dose [Gy] = 1591.71 2441.20 4068.67 4844.12 5647.30
Dose [kGy] = 1.59 2.44 4.07 4.84 5.65 
 
 
 
Table 2.1. Stopping Power and Range of Fission Fragments of Cf-250 in the Gold
Nuclide A1 Z1 %Yield A2 Z2 TKE TKE E1 dE/dx in Au Proj. Range in Au Eout, Au
[Joule] [MeV] [MeV] [MeV/(mg/cm
2)] [um] [MeV]
89Rb 89 37 0.50 161 61 2.920E-11 1.823E+02 117.374 15.08 6.87 113.604
91Sr 91 38 0.84 159 60 2.946E-11 1.839E+02 116.973 15.85 6.51 113.010
92Sr 92 38 0.87 158 60 2.945E-11 1.838E+02 116.178 15.75 6.51 112.241
95Zr 95 40 1.49 155 58 2.992E-11 1.868E+02 115.807 15.22 6.84 112.002
97Zr 97 40 2.14 153 58 2.990E-11 1.866E+02 114.214 14.98 6.85 110.469
99Mo 99 42 2.78 151 56 3.029E-11 1.890E+02 114.184 16.52 6.26 110.054
103Ru 103 44 4.87 147 54 3.055E-11 1.907E+02 112.136 16.64 6.15 107.976
105Ru 105 44 5.80 145 54 3.053E-11 1.906E+02 110.542 16.68 6.11 106.372
106Ru 106 44 5.60 144 54 3.052E-11 1.905E+02 109.749 16.26 6.16 105.684
109Pd 109 46 6.00 141 52 3.071E-11 1.917E+02 108.104 16.41 6.05 104.001
111Ag 111 47 6.17 139 51 3.076E-11 1.920E+02 106.747 17.40 5.80 102.397
112Pd 112 46 5.27 138 52 3.069E-11 1.916E+02 105.738 16.01 6.06 101.735
113Ag 113 47 4.80 137 51 3.075E-11 1.919E+02 105.172 17.15 5.81 100.884
115Cd 115 48 1.33 135 50 3.077E-11 1.921E+02 103.734 15.97 5.97 99.741
115Cd* 115 48 1.75 135 50 3.077E-11 1.921E+02 103.734 15.97 5.97 99.741
117Cd 117 48 0.52 133 50 3.077E-11 1.920E+02 102.171 15.66 5.96 98.256
125Sn 125 50 0.14 125 48 3.075E-11 1.920E+02 95.981 14.78 5.83 92.286
127Sb 127 51 0.55 123 47 3.071E-11 1.917E+02 94.330 14.57 5.77 90.688
129Sb 129 51 1.27 121 47 3.072E-11 1.917E+02 92.804 14.31 5.76 89.227
131I 131 53 3.20 119 45 3.057E-11 1.908E+02 90.826 15.69 5.54 86.904
133I 133 53 5.13 117 45 3.057E-11 1.908E+02 89.318 15.40 5.54 85.468
134Te 134 52 1.59 116 46 3.067E-11 1.914E+02 88.825 13.75 5.67 85.387
134I 134 53 4.55 116 45 3.058E-11 1.909E+02 88.565 15.26 5.53 84.750
135I 135 53 3.69 115 45 3.058E-11 1.909E+02 87.813 15.11 5.53 84.036
136Cs 136 55 0.47 114 43 3.033E-11 1.893E+02 86.333 13.70 5.48 82.908
139Ba 139 56 6.19 111 42 3.018E-11 1.884E+02 83.644 13.22 5.38 80.339
140Ba 140 56 5.12 110 42 3.019E-11 1.884E+02 82.908 13.10 5.37 79.633
141Ce 141 58 5.66 109 40 2.978E-11 1.859E+02 81.054 13.00 5.21 77.804
142La 142 57 4.21 108 41 3.001E-11 1.873E+02 80.918 12.91 5.28 77.691
143Ce 143 58 4.62 107 40 2.980E-11 1.860E+02 79.606 12.76 5.19 76.416
147Nd 147 60 2.60 103 38 2.932E-11 1.830E+02 75.397 13.07 4.96 72.129
149Nd 149 60 2.04 101 38 2.934E-11 1.831E+02 73.982 12.76 4.94 70.792
151Pm 151 61 1.61 99 37 2.906E-11 1.814E+02 71.839 12.07 5.03 68.821
153Sm 153 62 1.27 97 36 2.876E-11 1.795E+02 69.663 11.69 4.70 66.741
156Eu 156 63 0.64 94 35 2.845E-11 1.776E+02 66.781 12.74 4.32 63.596 
 
 
 
Table 2.2. Stopping Power and Range of Fission Fragments of Cf-250 in the Aluminum
Nuclide A1 Z1 %Yield E1 (dE/dx)e in Al (dE/dx)n in Al Proj. Range in Al Eout, Al
[MeV] [MeV/(mg/cm
2)] [MeV/(mg/cm
2)] [um] [MeV]
89Rb 89 37 0.50 113.604 37.870 0.120 17.260 93.155
91Sr 91 38 0.84 113.010 39.860 0.129 16.290 91.486
92Sr 92 38 0.87 112.241 39.650 0.131 16.280 90.830
95Zr 95 40 1.49 112.002 38.320 0.148 17.210 91.309
97Zr 97 40 2.14 110.469 37.810 0.153 17.190 90.051
99Mo 99 42 2.78 110.054 41.770 0.170 15.630 87.498
103Ru 103 44 4.87 107.976 42.160 0.195 15.360 85.209
105Ru 105 44 5.80 106.372 41.610 0.200 15.330 83.903
106Ru 106 44 5.60 105.684 41.350 0.203 15.330 83.355
109Pd 109 46 6.00 104.001 41.860 0.228 15.080 81.397
111Ag 111 47 6.17 102.397 44.570 0.244 14.480 78.329
112Pd 112 46 5.27 101.735 41.020 0.238 15.040 79.584
113Ag 113 47 4.80 100.884 44.050 0.251 14.460 77.097
115Cd 115 48 1.33 99.741 40.980 0.267 14.800 77.612
115Cd* 115 48 1.75 99.741 40.980 0.267 14.800 77.612
117Cd 117 48 0.52 98.256 40.400 0.274 14.770 76.440
125Sn 125 50 0.14 92.286 38.650 0.328 14.410 71.415
127Sb 127 51 0.55 90.688 38.280 0.349 14.250 70.016
129Sb 129 51 1.27 89.227 37.740 0.359 14.190 68.847
131I 131 53 3.20 86.904 41.450 0.397 13.660 64.521
133I 133 53 5.13 85.468 40.850 0.408 13.620 63.409
134Te 134 52 1.59 85.387 36.640 0.397 13.940 65.602
134I 134 53 4.55 84.750 40.550 0.413 13.600 62.853
135I 135 53 3.69 84.036 40.250 0.418 13.580 62.301
136Cs 136 55 0.47 82.908 36.710 0.454 13.540 63.084
139Ba 139 56 6.19 80.339 35.730 0.490 13.290 61.045
140Ba 140 56 5.12 79.633 35.480 0.496 13.250 60.473
141Ce 141 58 5.66 77.804 35.360 0.541 12.890 58.710
142La 142 57 4.21 77.691 35.160 0.528 13.030 58.704
143Ce 143 58 4.62 76.416 34.860 0.555 12.820 57.592
147Nd 147 60 2.60 72.129 35.960 0.631 12.080 52.711
149Nd 149 60 2.04 70.792 35.310 0.647 12.010 51.725
151Pm 151 61 1.61 68.821 33.730 0.688 12.410 50.607
153Sm 153 62 1.27 66.741 33.030 0.733 11.590 48.905
156Eu 156 63 0.64 63.596 36.140 0.795 10.460 44.080 
 
Table 2.3. FF Dose of Cf-250 [Gy]
Nuclide 100 hr 150 hr 250 hr 300 hr 350 hr
7.58E+05 1.13E+06 1.89E+06 2.26E+06 2.64E+06
89Rb 2.30E-02 3.43E-02 5.72E-02 6.86E-02 8.00E-02
91Sr 4.06E-02 6.07E-02 1.01E-01 1.21E-01 1.41E-01
92Sr 4.19E-02 6.26E-02 1.04E-01 1.25E-01 1.46E-01
95Zr 6.93E-02 1.04E-01 1.73E-01 2.07E-01 2.41E-01
97Zr 9.82E-02 1.47E-01 2.45E-01 2.93E-01 3.42E-01
99Mo 1.41E-01 2.11E-01 3.51E-01 4.20E-01 4.90E-01
103Ru 2.49E-01 3.72E-01 6.21E-01 7.43E-01 8.67E-01
105Ru 2.93E-01 4.38E-01 7.29E-01 8.74E-01 1.02E+00
106Ru 2.81E-01 4.20E-01 7.00E-01 8.38E-01 9.78E-01
109Pd 3.05E-01 4.55E-01 7.59E-01 9.09E-01 1.06E+00
111Ag 3.34E-01 4.99E-01 8.31E-01 9.96E-01 1.16E+00
112Pd 2.62E-01 3.92E-01 6.53E-01 7.83E-01 9.13E-01
113Ag 2.57E-01 3.83E-01 6.39E-01 7.66E-01 8.93E-01
115Cd 6.61E-02 9.88E-02 1.65E-01 1.97E-01 2.30E-01
115Cd* 8.70E-02 1.30E-01 2.17E-01 2.60E-01 3.03E-01
117Cd 2.55E-02 3.81E-02 6.35E-02 7.61E-02 8.87E-02
125Sn 6.57E-03 9.81E-03 1.64E-02 1.96E-02 2.29E-02
127Sb 2.56E-02 3.82E-02 6.36E-02 7.62E-02 8.89E-02
129Sb 5.82E-02 8.69E-02 1.45E-01 1.74E-01 2.02E-01
131I 1.61E-01 2.41E-01 4.01E-01 4.80E-01 5.60E-01
133I 2.54E-01 3.80E-01 6.33E-01 7.59E-01 8.85E-01
134Te 7.07E-02 1.06E-01 1.76E-01 2.11E-01 2.46E-01
134I 2.24E-01 3.35E-01 5.58E-01 6.68E-01 7.79E-01
135I 1.80E-01 2.69E-01 4.49E-01 5.38E-01 6.27E-01
136Cs 2.09E-02 3.13E-02 5.21E-02 6.25E-02 7.29E-02
139Ba 2.68E-01 4.01E-01 6.68E-01 8.01E-01 9.34E-01
140Ba 2.20E-01 3.29E-01 5.49E-01 6.58E-01 7.67E-01
141Ce 2.43E-01 3.63E-01 6.05E-01 7.25E-01 8.45E-01
142La 1.80E-01 2.68E-01 4.47E-01 5.36E-01 6.25E-01
143Ce 1.95E-01 2.92E-01 4.87E-01 5.83E-01 6.80E-01
147Nd 1.13E-01 1.70E-01 2.83E-01 3.39E-01 3.95E-01
149Nd 8.74E-02 1.31E-01 2.18E-01 2.61E-01 3.04E-01
151Pm 6.59E-02 9.85E-02 1.64E-01 1.97E-01 2.29E-01
153Sm 5.09E-02 7.61E-02 1.27E-01 1.52E-01 1.77E-01
156Eu 2.81E-02 4.19E-02 6.99E-02 8.37E-02 9.77E-02
Dose  [Gy] : 5.03 7.51 12.52 15.00 17.50 
 
Table 3.1. Stopping Power and Range of Fission Fragments of Cf-249 in the Gold
Nuclide A1 Z1 %Yield A2 Z2 TKE TKE E1 dE/dx in Au Proj. Range in Au Eout, Au
[Joule] [MeV] [MeV] [MeV/(mg/cm
2)] [um] [MeV]
89Rb 89 37 0.50 160 61 2.923E-11 1.825E+02 117.247 15.08 6.87 113.477
91Sr 91 38 0.84 158 60 2.950E-11 1.841E+02 116.838 15.85 6.51 112.875
92Sr 92 38 0.87 157 60 2.948E-11 1.840E+02 116.040 15.75 6.51 112.103
95Zr 95 40 1.49 154 58 2.996E-11 1.870E+02 115.657 15.22 6.84 111.852
97Zr 97 40 2.14 152 58 2.993E-11 1.868E+02 114.057 14.98 6.85 110.312
99Mo 99 42 2.78 150 56 3.032E-11 1.893E+02 114.019 16.52 6.26 109.889
103Ru 103 44 4.87 146 54 3.059E-11 1.909E+02 111.955 16.64 6.15 107.795
105Ru 105 44 5.80 144 54 3.057E-11 1.908E+02 110.355 16.68 6.11 106.185
106Ru 106 44 5.60 143 54 3.056E-11 1.908E+02 109.558 16.26 6.16 105.493
109Pd 109 46 6.00 140 52 3.074E-11 1.919E+02 107.902 16.41 6.05 103.799
111Ag 111 47 6.17 138 51 3.080E-11 1.922E+02 106.538 17.40 5.80 102.188
112Pd 112 46 5.27 137 52 3.073E-11 1.918E+02 105.525 16.01 6.06 101.523
113Ag 113 47 4.80 136 51 3.078E-11 1.922E+02 104.956 17.15 5.81 100.668
115Cd 115 48 1.33 134 50 3.081E-11 1.923E+02 103.510 15.97 5.97 99.518
115Cd* 115 48 1.75 134 50 3.081E-11 1.923E+02 103.510 15.97 5.97 99.518
117Cd 117 48 0.52 132 50 3.081E-11 1.923E+02 101.940 15.66 5.96 98.025
125Sn 125 50 0.14 124 48 3.079E-11 1.922E+02 95.724 14.78 5.83 92.029
127Sb 127 51 0.55 122 47 3.076E-11 1.920E+02 94.066 14.57 5.77 90.424
129Sb 129 51 1.27 120 47 3.076E-11 1.920E+02 92.533 14.31 5.76 88.956
131I 131 53 3.20 118 45 3.061E-11 1.911E+02 90.550 15.69 5.54 86.627
133I 133 53 5.13 116 45 3.062E-11 1.911E+02 89.034 15.40 5.54 85.184
134Te 134 52 1.59 115 46 3.071E-11 1.917E+02 88.537 13.75 5.67 85.100
134I 134 53 4.55 115 45 3.062E-11 1.911E+02 88.278 15.26 5.53 84.463
135I 135 53 3.69 114 45 3.063E-11 1.912E+02 87.523 15.11 5.53 83.746
136Cs 136 55 0.47 113 43 3.037E-11 1.896E+02 86.042 13.70 5.48 82.617
139Ba 139 56 6.19 110 42 3.022E-11 1.887E+02 83.344 13.22 5.38 80.039
140Ba 140 56 5.12 109 42 3.023E-11 1.887E+02 82.604 13.10 5.37 79.329
141Ce 141 58 5.66 108 40 2.983E-11 1.862E+02 80.752 13.00 5.21 77.502
142La 142 57 4.21 107 41 3.005E-11 1.876E+02 80.610 12.91 5.28 77.383
143Ce 143 58 4.62 106 40 2.984E-11 1.863E+02 79.297 12.76 5.19 76.107
147Nd 147 60 2.60 102 38 2.936E-11 1.833E+02 75.079 13.07 4.96 71.812
149Nd 149 60 2.04 100 38 2.938E-11 1.834E+02 73.658 12.76 4.94 70.468
151Pm 151 61 1.61 98 37 2.911E-11 1.817E+02 71.511 12.07 5.03 68.494
153Sm 153 62 1.27 96 36 2.881E-11 1.798E+02 69.333 11.69 4.70 66.410
156Eu 156 63 0.64 93 35 2.850E-11 1.779E+02 66.444 12.74 4.32 63.259 
 
 
 
Table 3.2. Stopping Power and Range of Fission Fragments of Cf-249 in the Aluminum
Nuclide A1 Z1 %Yield E1 (dE/dx)e in Al (dE/dx)n in Al Proj. Range in Al Eout, Al
[MeV] [MeV/(mg/cm
2)] [MeV/(mg/cm
2)] [um] [MeV]
89Rb 89 37 0.50 113.477 37.870 0.120 17.260 93.028
91Sr 91 38 0.84 112.875 39.860 0.129 16.290 91.351
92Sr 92 38 0.87 112.103 39.650 0.131 16.280 90.692
95Zr 95 40 1.49 111.852 38.320 0.148 17.210 91.159
97Zr 97 40 2.14 110.312 37.810 0.153 17.190 89.895
99Mo 99 42 2.78 109.889 41.770 0.170 15.630 87.333
103Ru 103 44 4.87 107.795 42.160 0.195 15.360 85.028
105Ru 105 44 5.80 106.185 41.610 0.200 15.330 83.715
106Ru 106 44 5.60 105.493 41.350 0.203 15.330 83.164
109Pd 109 46 6.00 103.799 41.860 0.228 15.080 81.195
111Ag 111 47 6.17 102.188 44.570 0.244 14.480 78.120
112Pd 112 46 5.27 101.523 41.020 0.238 15.040 79.372
113Ag 113 47 4.80 100.668 44.050 0.251 14.460 76.881
115Cd 115 48 1.33 99.518 40.980 0.267 14.800 77.389
115Cd* 115 48 1.75 99.518 40.980 0.267 14.800 77.389
117Cd 117 48 0.52 98.025 40.400 0.274 14.770 76.209
125Sn 125 50 0.14 92.029 38.650 0.328 14.410 71.158
127Sb 127 51 0.55 90.424 38.280 0.349 14.250 69.752
129Sb 129 51 1.27 88.956 37.740 0.359 14.190 68.576
131I 131 53 3.20 86.627 41.450 0.397 13.660 64.244
133I 133 53 5.13 85.184 40.850 0.408 13.620 63.125
134Te 134 52 1.59 85.100 36.640 0.397 13.940 65.314
134I 134 53 4.55 84.463 40.550 0.413 13.600 62.566
135I 135 53 3.69 83.746 40.250 0.418 13.580 62.011
136Cs 136 55 0.47 82.617 36.710 0.454 13.540 62.793
139Ba 139 56 6.19 80.039 35.730 0.490 13.290 60.745
140Ba 140 56 5.12 79.329 35.480 0.496 13.250 60.170
141Ce 141 58 5.66 77.502 35.360 0.541 12.890 58.407
142La 142 57 4.21 77.383 35.160 0.528 13.030 58.396
143Ce 143 58 4.62 76.107 34.860 0.555 12.820 57.282
147Nd 147 60 2.60 71.812 35.960 0.631 12.080 52.393
149Nd 149 60 2.04 70.468 35.310 0.647 12.010 51.401
151Pm 151 61 1.61 68.494 33.730 0.688 12.410 50.279
153Sm 153 62 1.27 66.410 33.030 0.733 11.590 48.574
156Eu 156 63 0.64 63.259 36.140 0.795 10.460 43.743 
 
Table 2.4. FF Dose of Cf-249 [Gy]
Nuclide 100 hr 150 hr 250 hr 300 hr 350 hr
1.62E+00 2.44E+00 4.06E+00 4.87E+00 5.68E+00
89Rb 4.93E-08 7.39E-08 1.23E-07 1.48E-07 1.72E-07
91Sr 8.71E-08 1.31E-07 2.18E-07 2.61E-07 3.05E-07
92Sr 8.98E-08 1.35E-07 2.24E-07 2.69E-07 3.14E-07
95Zr 1.49E-07 2.23E-07 3.71E-07 4.46E-07 5.20E-07
97Zr 2.11E-07 3.16E-07 5.26E-07 6.32E-07 7.37E-07
99Mo 3.02E-07 4.53E-07 7.55E-07 9.06E-07 1.06E-06
103Ru 5.34E-07 8.01E-07 1.34E-06 1.60E-06 1.87E-06
105Ru 6.28E-07 9.42E-07 1.57E-06 1.88E-06 2.20E-06
106Ru 6.03E-07 9.04E-07 1.51E-06 1.81E-06 2.11E-06
109Pd 6.54E-07 9.80E-07 1.63E-06 1.96E-06 2.29E-06
111Ag 7.16E-07 1.07E-06 1.79E-06 2.15E-06 2.50E-06
112Pd 5.63E-07 8.44E-07 1.41E-06 1.69E-06 1.97E-06
113Ag 5.50E-07 8.25E-07 1.38E-06 1.65E-06 1.93E-06
115Cd 1.42E-07 2.13E-07 3.55E-07 4.25E-07 4.96E-07
115Cd* 1.87E-07 2.80E-07 4.66E-07 5.60E-07 6.53E-07
117Cd 5.47E-08 8.20E-08 1.37E-07 1.64E-07 1.91E-07
125Sn 1.41E-08 2.11E-08 3.52E-08 4.22E-08 4.93E-08
127Sb 5.48E-08 8.22E-08 1.37E-07 1.64E-07 1.92E-07
129Sb 1.25E-07 1.87E-07 3.12E-07 3.74E-07 4.36E-07
131I 3.45E-07 5.18E-07 8.63E-07 1.04E-06 1.21E-06
133I 5.45E-07 8.18E-07 1.36E-06 1.64E-06 1.91E-06
134Te 1.52E-07 2.27E-07 3.79E-07 4.55E-07 5.30E-07
134I 4.80E-07 7.20E-07 1.20E-06 1.44E-06 1.68E-06
135I 3.86E-07 5.80E-07 9.66E-07 1.16E-06 1.35E-06
136Cs 4.49E-08 6.73E-08 1.12E-07 1.35E-07 1.57E-07
139Ba 5.76E-07 8.63E-07 1.44E-06 1.73E-06 2.01E-06
140Ba 4.73E-07 7.09E-07 1.18E-06 1.42E-06 1.65E-06
141Ce 5.21E-07 7.81E-07 1.30E-06 1.56E-06 1.82E-06
142La 3.85E-07 5.78E-07 9.63E-07 1.16E-06 1.35E-06
143Ce 4.19E-07 6.29E-07 1.05E-06 1.26E-06 1.47E-06
147Nd 2.43E-07 3.65E-07 6.08E-07 7.30E-07 8.51E-07
149Nd 1.87E-07 2.81E-07 4.69E-07 5.62E-07 6.56E-07
151Pm 1.41E-07 2.12E-07 3.53E-07 4.24E-07 4.94E-07
153Sm 1.09E-07 1.64E-07 2.73E-07 3.27E-07 3.82E-07
156Eu 6.02E-08 9.03E-08 1.50E-07 1.81E-07 2.11E-07
Dose  [Gy] : 1.08E-05 1.62E-05 2.69E-05 3.23E-05 3.77E-05 
 
 
Alpha particle Dose Calculations of Cf-252
Isotope of Cf-252 Source 
Amount 50 uCi
Amount 1.85 MBq
Date 9/15/2001
Date 1/23/2007 S/N = WW-468
Difference year 6.00 yrs
Difference date 1956.00 days
T1/2 2.65 yrs 965.425 days
Activity on  1/23/2007 = 12.276 Ci
Fluence Calculations
Activity = 12.2763 Ci
Irradiation time = 90 hrs    = 5400 min            = 324000 seconds
Dia of irradiated area = 1.0 cm Irrad Area = 0.785 cm
2
Diameter of Cf-252 source = 0.5 cm 4*PI*d
2 = 32.1536 cm
2
Source-Foil Distance, d = 1.6 cm W= 0.0244 Pt. Source
K = 3.70E+04 d/sCi W= 0.02241 Disc Source
Cf-252 Source (12.276 Ci) # Striking to foil Fluence
a= 4.41E+05 a/s 3.49E+09 a 4.44E+09 a/cm
2
ff  = 2.81E+04 ff/s 2.22E+08 ff 2.83E+08 ff/cm
2
Gold thickness:
Au foil = 250 g/cm
2 = 0.00025 g/cm2
Density = 19.3 g/cm3
Thickness = 0.130 um
130 nm 
 
 
 
 
 
 
 
 
 
 
 
 
 
ALPHA Cf-252 (73.7%)
Thickness  dE/dx  DE Ea
mg/cm
2 { MeV/(mg/cm
2) }  (MeV)  (MeV)
Au foil  130 nm  0.25 0.2135 0.053 6.067
Al mask 16 m  4.32 0.6024 2.602 3.324 WLD
Al foil      2 m  0.54 0.778 0.420 2.904 Vin, stopx: 2.891
dE/dx = 778 MeV/(g.cm
2)
Ea = 2.904 MeV
Al foil
dE/dx = 0.778 MeV/(mg/cm
2)
Ea = 3.324 MeV
Al mask
dE/dx = 0.6024 MeV/(mg/cm
2)
Ea = 6.067 MeV
Gold
dE/dx= 0.2135 MeV/(mg/cm
2)
Ea = 6.120 MeV
Cf-252 Source
Alpha Irrad (hr) Date Exptl uCi a/s #a a/cm
2
Dose (Gy)
90 23-Jan-07 12.276 4.41E+05 3.49E+09 3.27E+09 408
160 24-Dec-06 12.544 4.50E+05 6.33E+09 5.95E+09 741
250 23-Jan-07 12.276 4.41E+05 9.68E+09 9.09E+09 1133
300 14-Feb-07 12.084 4.34E+05 1.14E+10 1.07E+10 1339
339.25 14-Feb-07 12.084 4.34E+05 1.29E+10 1.21E+10 1514 
 
 
 
 
ALPHA Cf-250 (17.3%)
Thickness  dE/dx 
mg/cm
2  MeV/(mg.cm
2) 
Au foil  130 nm  0.25 0.515
Al foil 2 m  0.54 0.545
dE/dx = 545 MeV/(g.cm
2)
Ea = 5.607 MeV
Al foil
dE/dx = 0.545 MeV/(mg/cm
2)
Ea = 5.902 MeV
Gold
dE/dx= 0.515 MeV/(mg/cm
2)
Ea = 6.030 MeV
Cf-250 Source 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ALPHA Cf-249 (8.9%)
Thickness  dE/dx  DE Ea
mg/cm
2 MeV/(mg/cm
2)  (MeV)  (MeV)
Au 130 nm  0.25 0.219 0.055 6.065
Al   2 m  0.54 0.5534 0.299 5.766 Vin, stopx 5.769
dE/dx = 553 MeV/(g.cm
2)
Ea = 5.766 MeV
Al foil
dE/dx = 0.5534 MeV/(mg/cm
2)
Ea = 5.758 MeV
Gold
dE/dx= 0.219 MeV/(mg/cm
2)
Ea = 5.813 MeV
Cf-249 Source 
 
 
 
 
 
 
XRD pattern of uncoated Ti foils before irradiation 
 
  
 
 
 
XRD pattern of uncoated Ti foils after irradiation with 2.2x10
15 cm
-2 136 MeV 
136Xe
+26 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 